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TXPLANATORY. 


The work detailed in this communication was undertaken with four objects 
in view: 

1. To ascertain the degree of accuracy obtained by the writer in pulse 
counting, in order to determine the reliance that might be placed upon work 
already carried out and about to be extended. 

2. To describe a new procedure in the making of pulse counts over short 
periods of time, which is fairly easily mastered by anyone accustomed to ordinary 
pulse counting. 

3. To analyze the separate processes involved in this procedure, and to 
determine the errors arising therefrom. 

4. To suggest that the method has an appli¢ation of value in certain fields 
of investigation, and to define its limitations. 


ARGUMENT. 


In pulse counting it seems to have been the practice, for the most part, to 


count by direct palpation normal pulse rates and rates of moderate acceleration, 


and to resort to graphic methods with rapid pulses or with pulses of a moderate 
rate over short periods of time, where the odd fraction of a pulse interval 
becomes significant. 

Hitherto there seems to have been no consistent attempt made to deal with 
anything but whole numbers, or oceasionally halves, in counting by palpation. 

It is clear that any error made in a 15-second count will be quadrupled, 
that made in a 10-second count will be increased six times, when the pulse 
frequency is expressed in the form of rate per minute. It follows from this 
that reasonably accurate rates can only be obtained if the count in this short 
period of time be made correct to a fraction of a pulse interval. 
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METHOD. 


The watch employed was a stop-watch with very clearly marked tim 
divisions. 

The procedure adopted in counting pulse rates, e.g., after exercise, is t 
keep the count continuously and to write down at each quarter-minute the tota! 
count expressed as so many pulses and fraction of a pulse interval.' The essence: 
of the method is the precise manner in which this fraction is estimated. 

By subsequent subtraction the number of pulses and fractions of a puls 
interval, say y, will be found to occur in any given quarter of a minute. The 
pulse frequeney will then be 4y beats per minute. 

In the following example chosen from an actual experiment the progressive 
counts are as shown in column (1), the number of pulses and fractions of a pulse 
interval are shown in column (2), while column (3) shows the corresponding 
pulse frequency in pulses per minute. 


DERIVATION OF MEAN PULSE RATES FROM A PROGRESSIVE COUNT. 
(1) (2) (3) 


= . 
Progressive No. of Beats Mean Pulse Rate 
Time. Count. in Period. during Period. 
BOS h6.- aie aw. een, a 223 22 91 
NES iu os ke chee 414 183 75 
Rs 40. 65) we oe 5% 574 153 63 
I a ac: ay, wile. wa 724 15 60 
2 ee, TE OO6.. o.s. us. 874 154 62 
ee ne 103 154 61 
E mite. 45 gee... u < 1184 153 63 
SMS siti. care, Sale atin, ace 1343 16 64 
2 Wem. 2D OG. 2. 0 on 150 15] 61 
2 min. 30 see. .. .. .» 166} 16} 65 


For clearness of reference it is necessary to define certain terms that will 
be subsequently used. The positions on the watch marking a series of time 
intervals, such as the 10, 20, 30, 40 see. marks, or 15, 30, 45 see. marks, are 
called the critical marks for the experiment concerned. 

The pulses occurring just before and just after any one of these critical 
marks will be spoken of as the first and second critical pulses, and the positions 
of the second-hand corresponding to their occurrence will be called the first and 
second critical positions. 

The estimation of each fraction of a pulse interval illustrated in the fore- 
going example involves the gauging of that fraction of the whole pulse interval 
that occurs between the first critical position and the critical mark in question. 
This was gauged by imagining a mark made by the second-hand at each of the 
first and second critical positions. The distanee between these two imaginary 
marks is divided into two fractions by the critical mark on the watch. 








1 By a pulse interval is meant the interval between the times of occurrence of any two 
ccnsecutive pulses in question. By the time of occurrence of a pulse is meant the moment 
when the first sensation is felt by the palpating finger. 
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This is illustrated in figure A. 

P, is the first critical position in question. 
P. is the second critical position in question. 
M is the critical mark in question. 





No 3 =U 


Fig. A. Illustrating how the fraction of a pulse interval is gauged. 


The distance P,P. is divided by the Mark M, so that P;M is about 0-4 of 
the whole distance. 

It was found possible to gauge with reasonable accuracy the value of the 
first fraction as so many tenths of the whole distance. This gives the value of 
the fraction of the pulse interval required. To begin with, it was attempted 
to estimate to the nearest even numbers of tenths of a pulse interval. Later on 
it frequently appeared that the value was intermediate between two even tenths, 
in which cases the odd intermediate tenth was written down. 

The errors involved may be classed as follows: 

1. Errors in the mental process of simple counting. 

2. Errors in parallax. 

3. Errors in noting accurately the two critical positions of the second- 
hand. 

4. Errors in the quantitative estimate of the value of the fraction con- 
cerned after the required positions on the watch have been noted. 

1. In all probability this source of error is almost completely eliminated 
as a result of very extensive practice. Moreover, an error of one or two pulses 
in fifteen seconds would produce an error of 4 or 8 respectively in the rate per 
minute, and the evidence of many experiments that have been fully expressed 
in graphical form points to the rarity of such errors. 

2. This source of error, which may be a very important one, is minimized 
by: 

(a) Using one eye only. 
(b) Keeping the eye, the critical mark in question, and the centre of the 
watch (which lies flat on the table) in the same vertical plane. 
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(c) Rotating the watch after each critical mark is passed so that the nex 
critical mark is in the same spot. 

3. Errors in noting the first and second critical positions. 

These errors were investigated by checking against the Judgment of a seco 
observer, on the principle that (unless each observer chanced to have a constan 
bias of the same sign”) in a large number of trials the mean difference betwee: 
two observers cannot be less than the mean error of either taken. singly. On th. 
other hand, as the various observers co-operating in the work were relativel) 
untrained for this particular judgment, the average error of the trained observe! 
was probably less than the average of the joint errors obtained. 

It will be sufficient to consider the accuracy of estimating the first critical 
position. 
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Fig. I. Showing frequency curve of time differences in the judgment of two 
observers as to the instant of occurrence of a particular pulse beat. 

Ordinate: Percentage of total number of cases. 

Abscissa:. Time differences in seconds. 

Fig. II. Showing frequency curve of errors representing differences in the judgment 
of two observers of the fraction of a pulse interval. 

Ordinate: Percentage of total number of cases. 

Abscissa: Fraction of a pulse interval. 


In these experiments parallax was avoided very carefully, as above described, 
since preliminary experiments indicated a relatively large constant error between 
the two observers, which disappeared when proper precautions were taken. 
When the two observers were ready, each palpating a radial® artery of the 


2 Although this might occur with any two observers, it is scarcely likely to occur in 
the case of all the six observers concerned in these experiments. 

% In this it was assumed that where a third person was used as subject, the radial pulses 
were synchronous. In some cases where a third person was not available, the writer acted 
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subject, it was agreed to start at a given position on the wateh, and attending 
to the occurrence of the pulses while disregarding their number, to write down 
the first critical position corresponding to the next critical mark, estimating it 
o the nearest tenth of a second. As soon as the second-hand passed the critical 
mark in question the watch was rotated through 90°, to allow for another 
observation 15 seconds later on. This procedure was continued for ten readings 
n suecession, and then the results were set down in parallel columns and the 
individual differences ascertained. 

Table 1 gives the means of each series of differences obtained in the 
experiments with the co-operation of the various observers. 

Figure 1 is the frequency curve obtained from the individual measurements 
of the whole series. 

In all cases the value obtained by the assisting observer was subtracted 
from the value obtained by the chief observer, hence the negative values shown 
on the frequeney curve. 


TABLE 1. 


Time Differences in the judgment of two observers as to the occurrence 
of a Single Pulse. 


Series. G.E.P. (1) C.M.C. FP. C.B.C. H.C.H. G.E.P. (2) 
1 .09 see. 05 see. -09 see. .10 see. -09 see. -14 see. 
2 -07 see. -U7 see. 11 see. .06 sec. -12 see. -10 see. 
3 -10 see. — -09 see. -O9 sec. -10 see. 
4 -0O7 see, “= — -05 see. -09 see. -13 see. 
5 .13 see. — - 08 see. -O7 see. OS sec. 
Mean .09 see. 06 see. 10 see. 07 see. -09 see. -11 see. 


Each number in the above table represents the mean of ten trials, the time 
differences being taken irrespective of sign. 

The initials are those of the second observer in each case. 

It will be seen from the table that the means of the results obtained are 
of the same order of magnitude (namely, about 0-1 second) in the cases of the 
various observers who co-operated with the one practised observer. The mean 
value of ali the individual differences, totalling in number 240, was 0-09 second 
with a P.E. of 0-07 second. 

It will be noted that the curve obtained is a fairly typical frequeney curve. 
Only about 64% of the errors exeeed 0-3 second. 

4. Errors made in the quantitative estimate of the required fraction of the 
pulse interval, while imagining the first and second critical positions in relation 
to the critical mark. 





as subject as well as observer counting his own left temporal pulse, while thé second 
observer counted his left radial pulse. It was assumed that the difference in time of these 
pulses might be neglected for the purpose concerned. In any case, any such constant 
difference might on an average increase, but could not decrease the discrepancy between 
the judgments of the two observers. 
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This was tested in two ways: 

A. By checking against another observer. 
B. By checking against a graphic record. 

A. In this instance the two observers took up those positions in relatio: 
to the watch, already described, and as each eritical mark was passed gauge: 
the fraction of the pulse interval that occurred before it.4 Ten judgments wer 
made in suecession and written down in parallel columns, and afterwards 
compared, the differences being placed in a third column. 
obtained. 


Table 2 shows results 


Figure 2 is the frequency curve obtained from all the individual measure 
ments. 
TABLE 2. 


Discrepancy in the judgments of two observers as to the value of a 
fraction of a beat interval. 


Series. H.C.H. H.C.H. C.B.C. C.B.C. G.E.P. 
First Expt. Second Expt. First Expt. Second Expt. 

] -14 -14 -12 -11 -16 
2 -17 -12 -07 -16 -18 
3 -18 -18 -12 -14 13 
4 12 -2] 15 -13 16 
5 12 10 13 -07 -15 
Mean 15 15 14 -14 -16 
Pulse Rate 

of Subject 78 80 89 — 104 


Each value in the table represents the mean of ten trials. 

The initials are those of the observers who co-operated in each case with 
the practised observer. 

It will be seen from the table that the mean results in the case of the various 
observers are remarkably uniform. The mean of all the results is 0-15 of a 
pulse interval. 

The P.E. = 0.13. 

When it is considered that the mean pulse rate is of the order of 90 per 
minute it will be seen that the error involves just about the same fraction of 
time as in the previous experiment, since 0-15 of a pulse interval is here equal 
to 0.1 second. In only 8% of the cases was the error greater than 0:3 of a 
pulse interval. 

B. Checking against a graphic record. 


4One ambiguity arose at this stage which had to be dealt with. If the two fractions 
of the pulse interval, as gauged, were, say, -1 and .9, then the difference would be .8 or 
.2 according to whether the two observers judged the critical mark to divide the same or 
consecutive pulse intervals. To avoid this, about ten seconds before the critical mark 
agreed on, one observer counted a few pulses aloud, e.g., one, two, three, and was then 
silent. The results of the two observers would then be written without ambiguity, e.g., 
12.9, 13.1, or 14.3, 14.6, ete. 
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For this purpose a glycerine tambour was attached to the upper arm of the 
subject over the brachial artery and connected to an air tambour. The latter, 
together with a Jaquet clock, marking seconds, was applied to a kymograph, 
so that a tracing could be obtained for four or five minutes at a time. 

As the kvmograph paper was several feet long, it was an easy matter. to 
measure the separate pulse intervals to tenths. Before obtaining the test record 
the subject ran 400 feet in 40 seconds, so as to increase his pulse rate. As he 
ran with the glycerine tambour attached to his arm, it was possible to make all 
necessary adjustments and to commence the recording of the pulsations and the 
counting simultaneously within 15 seconds of completing the exercise. The 
count was commenced at the instant when the second-hand of the stop-watch 
(which was running since the commencement of exercise) came round to zero. 
Simultaneously a mark was made on the moving surface by means of a signal. 

The count was kept continuously, and at each 15 seconds the total number 
of pulses and decimal of a pulse interval was written down. By subsequent 
subtraction the number for each 15 seconds was obtained. The tracing was 
varnished and measured up to ascertain the true count correct to one-tenth of 
a pulse interval. 















































Fig. III. Showing frequency curve of errors made in counting the pulse rate. (Counts 
checked against a graphic record.) 

Ordinate: Percentage of total number of errors. 

Abscissa: Value of error as decimal of a pulse interval. 


The observed and recorded results were then compared and the differences 
tabulated. The means of all the differences in each experiment are given in 
Table 3. Table 4 gives the total counts for each experiment, both observed and 
recorded. Curve 3 is that obtained by grouping the individual errors and 


plotting a frequeney curve. 




















F. S. COTTON 
TABLE 3. 


Accuracy of judging the fraction of a pulse interval each 15 seconds 
during the recording of a progressive pulse count. 


Mean error as decimal] 


Experiment No. of a pulse interval. No. of observations, 
] 15 19 
2 15 19 
3 15 16 
4 20 19 
5 22 18 
6 7 18 
Mean 17 


TABLE 4. 


Total number of pulses in the period of the experiment. 


Observed. Reeorded, 
453.1 452.7 
277.4 278.4 
353.3 354.1 
364.1 366.4 
265.8 265.7 
353 .2 353.2 


It will be seen from the table that the mean error is 0-17 of a pulse interval. 
The P.E. = 0-14. 

These errors are greater than in the previous experiments with the two 
observers. It should be noted, however, that the procedure in this case involved 
the giving of a certain amount of attention to adjustments of apparatus between 
‘the cessation of exercise and the commencement of counting, and this must have 
militated against the concentration of the observer’s attention. 


DISCUSSION. 


These results demonstrate that the error involved on the part of the writer 
in counting pulses over a short period of time is relatively small. Even when 
the pulse is changing fairly quickly after exercise an error of one-half a pulse 
interval in 15 seconds would only mean a difference of two in the pulse rate 
per minute. A difference of 2 in anything from 80 to 130 would make no 
appreciable difference in the general trend of a curve representing the fall of 
pulse rate after exercise. 

Among the errors in the series plotted in curve 3 there were three greater 
than unity, which could not therefore be represented. They are, of course, 
considered in the average. These must clearly have been due to an error in 
the actual count itself, and do not represent errors in judgment. 

If such oceasional errors did oceur during an experiment where the aim 
was to plot the curve of a changing pulse rate, the resulting graph would show 
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these as isolated aberrant points, which would not disturb the general trend of 
the curve. In all probability the errors recorded here are greater than those in 
the ordinary practice of the chief observer, since the procedure is complicated 
hy the process of obtaining a graphic record. It is probable that the three 
errors greater than unity were caused by this necessity to distribute the attention 
over a wider field than usual. 

It was uniformly remarked by the observers who gave their assistance in 
these experiments that the results exceeded their expectations in regard to 
accuracy. 

The actual amount of practice preliminary to the making of the experiments 
recorded was in all cases relatively small, never, in faet, greater than half 
an hour. 

The essential steps in the process are therefore easily mastered, and with 
practice would become fairly automatic. In no case was any progressive count 
undertaken by the assisting observers. This is certainly a more difficult pro- 
cedure, as it involves the additional process of writing. It is believed, however, 
that with a reasonable amount of practice this would soon become easy of 
execution. It is therefore suggested that the method has a definite scope in 
the undertaking of pioneer experiments, which can be carried out in a very 
small fraction of the time necessary to the making and measuring of graphic 
records. In this way a considerable economy could be effected in the selection 
from preliminary experiments of those worthy of a more detailed investigation 
and necessitating a more rigid method. 

In the following section of this communication is given a typical example 
of the application of the method in question in preliminary experiments. The 
phenomenon of the pulse trough was readily indicated by the first few experi- 
ments in which an attempt was made by this method to increase the accuracy 
of simple pulse counting. The reality of the phenomenon was then proved 
rigidly by the taking of graphic records. Any work which aimed at investigating 
the cause of the pulse trough would probably require a series of experiments 
where the conditions would be altered in a variety of ways. Many more of 
these experiments could be carried out than would be possible by graphie 
registration, so permitting of the early rejection of unpromising lines, with the 
repetition of the more fruitful experiments by means of the graphie record. 


SUMMARY. 


Details are given of the various modes of testing the accuracy obtained in 
respect to the several processes involved in the attempt to count the pulse for 
short intervals of time, correct to a small fraction of a pulse interval. 

Evidence is adduced to show that: 











110 F. S. COTTON 


1. The incidence of a single pulsation ean be judged on an average to with 
one-tenth of a second. Mean error 0:09 second. P.E. = 0-07 second. 

2. The fractions of the pulse interval that oceur just before and just aft: 
a given instant may be judged on an average to within one-sixth of the interva 
Mean error 0:15. P.E. = 0-13 of a pulse interval. 

3. When the observer continues to count the pulse of a subject after ligh 
exercise, while writing at fifteen-second intervals, the progressive count in who! 
numbers and decimals, tests by graphie record show an average error safel 
within one-quarter of a pulse interval. Mean error 0.17. P.E. = 0-13 of 
pulse interval. 

4. It is suggested that the procedure deseribed has a value in exploratory 
work, in that much more ground can be covered in the same time than by thi 
graphic method. In this way it would facilitate the selection of fruitful lines 
of investigation which could be carried out by more exact methods. 























STUDIES IN RELATION TO THE PULSE RATE 


(2) ON THE OCCURRENCE OF A POST-EXERCISE TROUGH 
IN THE PULSE RATE 


by 
F. S. COTTON 
(From the Department of Physiology, University of Sydney). 
(Submitted for publication 4th April, 1928.) 


EXPLANATORY. 


By the phrase ‘‘trough in the pulse rate’’ is meant a phase of decreased 
pulse rate which follows the post-exercise acceleration, and which in turn is 
sueceeded by a phase of increased pulse rate. Thus if the pulse rate be plotted 
as ordinate against time as abscissa, a definite trough appears under certain 
circumstances, followed by a crest. 


HISTORICAL. 


The effect of exercise on the pulse rate has been a common subject for study 
since the early days of physiological investigation. None the less, very little 
seems to have been recorded to indicate any regular phase of depression of the 
pulse rate after exercise. 

Although a number of references have not been obtainable, there is no 
evidence in the discussion of these by subsequent workers indicating any recog- 
nition of the occurrence of this trough as a regular phenomenon. The following 
represent the only observations in any way bearing on the subject that it has 
been possible to diseover : 

(a) Actual comments made by previous workers. 
(b) Evidence implicit in previous work. 

(a) Comments by previous workers. Lowsley in 1911 gave an account of 
the effect of different kinds of muscular work of varying intensity and duration 
on the pulse rate. He states that after work ‘‘The pulse rate fell slightly below 
normal in four cases out of sixty.’’ He further states in the summary of his 
communication: ‘‘The pulse rate, which always increases during exercise, 
decreases rapidly after its completion. This drop in the curve of the pulse rate 
is frequently followed by a secondary rise, which is possibly a reflex effect, due 
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to the low blood pressure of the subnormal stage.’’ No quantitative measure 

ments were made as to the time of occurrence or the extent of this drop and 
secondary rise. 

(b) Evidence implicit in previous work. Since this evidence depends upon 
methods of analysis developed in this communication, it is sufficient to discuss 
the matter generally at this stage and to give the precise evidence in a later 
section. 

Among the data of Cotton (T. F.), Rapport, and Lewis on the effect of 
exercise on the pulse rate, some curves are given, showing the changes in pulse 
rate of a normal subject after stair-climbing on four oeeasions. Three of these 
four curves indicate the occurrence of a pulse trough with an amplitude of about 
six beats from trough to crest; on the fourth or exceptional occasion the stair- 
climbing was much more rapid. The authors themselves, who were chiefly con- 
cerned in examining the effect of exercise on abnormal subjects, made no remark 
upon this. In summarizing the results they say: ‘*The pulse rate is invariably 
highest at the cessation of exercise, and declines, at first rapidly, then more 
gradually, until the normal rate is reached or passed.’’ 

Parkinson, in an investigation of the effect of slight exertion on healthy men, 
and in eases of ‘‘soldier’s heart,’’ gives results which on appropriate analysis 
reveal the phenomenon of the pulse trough. In his treatment of the results by 
averaging them, however, the trough is masked by the fact that in different 
subjects the troughs and crests occur at different times, so that in some measure 
they tend to neutralize each other. Parkinson makes no reference at all to the 
phenomenon. 

Lindhard, in examining his results on the pulse rate after work, draws the 
curve of the falling pulse rate through the average position of the points on the 
graph. The pulse rate was recorded in 10-second intervals, and was counted by 
palpation. 

Variations from the curve as drawn are ascribed by him to nervous influ- 
ence, and he does not regard any of them as regular, but as chance occurrences. 
It appears, however, from a closer examination of his curves, that one factor at 
least in these deviations is the tendency for the occurrence, first of a trough and 
then of a crest in the pulse rate. The errors, however, involved in the conversion 
of number of pulses in ten seconds to pulse rate per minute may be, as Lindhard 
points out, quite considerable, so that the phenomenon is more disguised than 
suggested in these results. 

The first recognition of the occurrence of the pulse trough arose from a set 
of class experiments carried out in this laboratory in 1916. 

The exercise concerned was of rather a special type, namely, a series of 
‘“deep knee bends.’’ At first the generality of the phenomenon was not suspected, 
since it did not seem possible that it could have been so completely overlooked 


by previous workers. In succeeding years, however, certain other forms of 
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exercise, such as work with heavy dumb-bells, stairease climbing, and a level 
run of 400 feet in 40 seconds, were instituted in the student practical work by 
Professor H. G. Chapman and by Associate Professor H. Priestley. With all 
these forms of muscular work the post-exercise pulse trough made its appear- 
ance, though conviction as to its reality was dependent on statistical evidence 
rather than on individual accuracy, which could not be guaranteed. 

From time to time since the first observation the writer has made occasional 
experiments in this connection, finding that the pulse trough occurred under a 
variety of circumstances after exercises of short duration, so building up a 
certain amount of data which he regarded as reliable. 

The experiment of testing the effect of a run of 400 feet in 40 seconds on 
the pulse rate arose out of the work of Professor H. G. Chapman in connection 
with efficiency tests made on the Broken Hill miners in 1920. In these tests 
also the pulse trough occurred typically after the exercise. 

The quantitative subject matter of this communication falls naturally into 
four sections : 

I. The original experiments which led to the recognition of the pulse 
Trough. These were not of an elaborate nature, but were sufficient 
to indicate the characteristic curve afterwards obtained with more 
accurate work. 

Il. A series of results, some forty in number, involving twenty odd 
subjects. The pulse rate in these cases was counted by the writer 
with all possible care, the accuracy of which is vouched for by the 
evidence given earlier. 

[11. A number of results obtained from the same subject. In this case 
the averaged figures from four experiments where the pulse rate 
was counted are compared with the averaged results of eight 
experiments where the pulse rate was recorded graphically. 

IV. The application of methods of analysis developed in examining the 
above results to data recorded by earlier workers. 


i 
The original observations leading to a recognition of the phenomenon of 
the pulse trough. The subjects concerned were medical students 18 to 24 years 
of age, who had all served as subjects for pulse observations on several occasions. 
nm ° ° . . . . 
The exercise was a stationary form of muscular work, and consisted in the 


execution of twenty ‘‘deep knee bends’’ in forty seconds. In performing the 
‘‘deep knee bend’’ the subject starts from the standing posture, and while 
keeping the trunk upright, and resting on the ball of the foot, sinks steadily 
down until complete flexion of the knee-joint causes him to come to rest. He 
then reverses the movement, and stands upright once more. This represents 


se 


one complete ‘‘deep knee bend.’’ Prior to the exercise the normal resting rate 
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of the subject was taken, after sitting quietly for fifteen minutes. These rate: 
are not claimed to represent true resting values, but as the experiment was o! 
a pioneering nature great accuracy was not regarded as essential at this stage. 
After the exercise thirty seconds was allowed to elapse, to give the observers 
ample time to prepare to count the pulse. One observer counted at each wrist. 
keeping the count continuously and writing the total at each half-minute for 
five minutes. Thereafter the pulse rate was counted every second minute until 
it reached a steady level. The two sets of results were then averaged and a 
graph drawn. The pulse rates were counted throughout by students, and 
obviously contained many individual errors. The collective results, however, 
were relatively uniform, and pointed unmistakably to the phenomenon later 
examined in detail. 

In some of the experiments the observers obtained such discordant results 
as to necessitate their rejection. The remainder were examined as follows. 

Since a preliminary inspection showed that the trough and subsequent crest 
tended to occur at different times with different subjects, it was clear that the 
averaging of the rates at corresponding times would lead to a considerable 
flattening of the typical trough. It was therefore decided to construct a com- 
posite graph by determining the following average values: 

1. The mean of all the rates counted half a minute after the exercise. The 
midpoint of this time period would then be precisely 45 seconds after exercise. 
This was, of course, the maximum value obtained in all cases. 

2. The mean of all the minimal values of the post-exercise pulse rate. The 
minimum in each case was obtained from a curve smoothed through the graph 
concerned, and was typically easy of determination. 

3. The average time at which this minimal value occurred. 

4. The mean value of the maximum pulse rate occurring subsequent to the 
minimum. The value of this maximum in each case will be referred to as the 
crest level. 

5. The average times at which the crest level was reached: 

(a) When the pulse rate was falling from the maximum toward the 
trough. 
(b) When the pulse rate rose again. 

This analysis yields four points which may be plotted to give a rough graph 

showing the general trend of the post-exercise pulse rate. 


In order to test the degree of reliability of such a composite graph, it was 


decided to divide the data so collected into two groups and to draw two graphs. 


In order to make the division into two groups purely a matter of chance, the 
experiments were arranged according to the alphabetical order of the subjects’ 
names. As three of the experiments when listed gave very extreme results (the 
trough and crest times being about double the most frequent values), they were 
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excluded from the averages, and are placed at the end of the table. The rest 
were then numbered 1 to 18. 

One group was then made of all the odd numbers, a second group of all the 
even numbers, and the mean of each column determined. These results are 
given in Table 1. 

TABLE 1. 


Maxi- Increase Mini 


lnitials Resting mum in mum Time to Time to 

No. of of pulse pulse — pulse pulse Crest crest Time to — crest 

subject. subject. rate. rate. rate. rate. level level (1) trough level (2) 
l A.E.A. 8] 108 27 67 75 1.4 4.7 9.2 
2 H.J.B. 66 96 30 58 73 1.7 3.9 8.0 
3 H.J.B. 66 88 22 56 67 1.5 3.4 8.3 
+ A.C.B. (77) 97 20 72 76 2.0 3.7 ES 
7) H.G.C, (75) 96 2} 67 76 2.4 3.6 9.3 
6 G.W.Go. (71) 92 21 64 74 2.0 3.2 9.7 
7 J.C.Gr. 86 104 18 79 8S L.] 3.6 13.7 
S G.G.K. S4 115 3 70 S6 2.0 4.8 9.7 
4) A.N.M. 75 100 25 70 80 1.0 1.8 4.4 
10 H.E.Me. 80 90 10 73 79 1.4 2.5 8.3 
11 W.E.P. 96 130 34 94 104 1.6 4.0 5.5 
12 A.L.N. S3 106 23 SO 91 1.3 4.7 7.7 
13 E.W.R. 83 106 23 72 S86 1.2 3.4 6.4 
i4 k.M.Sh. 66 92 26 52 64 1.4 3.1 8.4 
1 A.W.Sta. 77 110 33 70 77 1.6 3.2 8.2 
16 R.J.Ste. (82) is? 40 67 74 1.8 4.7 7.4 
17 E.J.Su. (72) &Y 17 67 77 1.8 4.1 9.5 
18 V.R.W. 87 120 33 82 92 2.0 5.8 8.8 
Means 78 103 25 70 80 1.7 3.8 8.3 
Ex ( B.M.R. 80 94 14 62 72 2.4 7-2 17.2 
as J.E.S. 106 130 24 104 108 8.2 11.2 15.2 
cluded ( WP.W. s1 a0) 9 64 69 4.4 9.2 17.2 
Means of odds 79 103 24 71 81 1.5 3.5 8.3 
Means of evens 77 103 26 69 79 1.8 4.0 8.4 


Means of those with 

predicted normals = 75 99 24 67 ) —_ — — 

Table 1 is compiled from the individual curves of the pulse rate after 
executing ‘‘twenty deep knee bends’’ in forty seconds. 

The resting pulse rates (given in parenthesis) were missing when the data 
was compiled. They are predicted! by determining the relation between the 
mean values of the resting rates and the combined average of the maximum, the 
trough value, and the crest level for all the other subjects. The two composite 
vraphs derived from the two groups of values are shown in figure 1. 

Il. 

Experiments on some twenty odd subjects, where the pulse rate was counted 
by palpation by the present writer. (This group, like the previous group, was 
composed of individuals experienced as subjects for pulse work.) 

1 That these predictions are amply justified to complete the table for the purpose of 
averaging the results is seen by an inspection of the rest of the pulse averages of this group, 


which are appended to the table. Each average figure of this group differs from the 
corresponding mass average to about the same extent. 
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The circumstances under which the opportunity was afforded to make the 
observations did not permit of the use of graphic records. Since, however, 


very extensive experience in counting pulse rates after exercise preceded this 
investigation, it was decided to employ the only available method, namely, coun 
ing at the radial artery, and to examine the matter of personal accuracy at 
later date. The result of this later investigation is given in the introduction to 
this communication. 


120 





Me 


“10 


110} 


b>) 
S 


Co 
So 


Pulse Rate 








£ 


/ 2 








7 
" miaaies. Rte: | aS 





- 5 bo bs 20 2 FO 35 WO eS 
Minutes After Exercise. 
a * Fig. 2. 


Fig. 1. Showing pulse rate after 20 ‘*deep knee bends’’ in 40 seconds. 
Ordinate: Pulse rate. 
Abscissa: Time in minutes after cessation of exercise. 


o— o Averaged curve for all the experiments numbered odd in Table f. 
x x Averaged curve for all experiments numbered even in Table I, 


The resting normal pulse rates are shown by the lines crossing the ordinate. 


Figure 2. Showing changes in the pulse rate after running 400 feet in 40 seconds. 
Ordinate: Pulse rate per minute. 

Abscissa: Time in minutes after cessation of exercise, 

The average values for experiments numbered even in Table Il, shown by X. 
The average values for experiments numbered odd in Table I], shown by O. 
The respective resting levels are shown by the short lines crossing the ordinate. 


De scription of the Exercise. 


In all cases the exercise consisted of a run of 400 feet in 40 seconds, between 
two lines 100 feet apart, with the mid position also marked. Before the exercise 
was commenced the pulse rate of the subject (sitting quietly) was counted once 
every three or four minutes, until it showed no further tendeney to fall, and 
Was constant to within a few beats. The subject then ran the 400 feet, keeping 
his rate uniform by attending to the striking of a bell every five seconds. In 
practically all cases it was found that the subject ran the distance within one 
second of the prescribed time, judging from his position when the final bell was 
struck. At the conclusion of the run the subject sat down on a stool within a 
few feet of the finishing point, and the counting of the pulse was commenced 


exactly fifteen seconds after the end of the exercise. The count was continued 
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without a break for five minutés,? the progressive totals being written down as 

whole number and decimal at the end of each fifteen-second period. The 
juarter-minute counts were obtained by difference, and then expressed as rate 
per minute on multiplying by four. The various rates and times for the 
experiment were then plotted on graph paper, and a curve drawn to smooth out 
any irregularities. 

In practically all cases there were exhibited the following features : 

(1) A substantial increase of pulse rate. 

(2) A rapid fall early after the exercise. 

(3) A subsequent slowing off in the rate of fall. 

(4) A well-defined trough, typically below the resting normal. 

(5) A subsequent rise in pulse rate to a crest, followed by a gradual 
fall. 

The results were analyzed according to the method adopted in the preceding 
instance, but as the separate curves were much more uniform it was possible to 
extend the analysis further. The following measurements were made in each 
case, and the results averaged : 

(1) The pre-exercise resting pulse rate. 


») 


(2) The post-exercise maximum, which, of course, was always the first 


counted. 


3) The post-exercise minimum. It should be emphasized that the 


minimum is not merely produced by experimental error, since 


typically the preceding and consecutive values change progressively. 


4) The post-exercise crest level. 


5) The times to reach the level of this crest, both falling and rising. 
These times may be called first time to crest level and second time 
to crest level. 


(6) The time to reach the lowest point of the trough. 


7) The pulse rate at a time midway between the first time to crest 
level and the trough time. 


8) The pulse rate at a time midway between the trough time and the 
second time to crest level. 
(9) The time to rise half-way trom trough level to crest level. 

From this data it is possible to plot a composite curve which reveals the 
quantitative features of the typical post-exercise changes in the pulse rate. 

Of all the experiments carried out there were only three yielding results 
that did not conform to the type. These were simply omitted, since it was 
impossible to make the above measurements upon them. The remainder wete 
then arranged as in the previous instance. according to the alphabetical order 
of the subjects’ names. Where more than one experiment was carried out on 
the one subject the order of these experiments was preserved in the table. 


2 For precise method see ‘‘Studies in Relation to the Pulse Rate’’ fe). 
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The experiments were then numbered in this order, 1 to 40. 
The results are shown in Table 2. 


TABLE 2. 





= - 5 
= + nw Ele eT 
. re o| & a 
a «eb oh — ~ Fa 
Y Kg = o v z 
ee 25 tao 2a - 
] z } a) 6 7 8 9 10 11 lv 
1 G.H.A. 75 152 77 2 R77 2.3 4.0 23 24 3.4 5 
2 A.C.BI. 71 140 69 27 1.3 2.0 5.3 23 »4 ee 5 
& W.B.Bol. 62 86 24 0 0.8 1.5 4.2 4 5 » 4 10 
$4 L.E.Bou. 72 116 44 2 bs] ..5 4.6 6 3 3.0 1] 
5 L.E.Bou 70 106 6 5 E39 ie 4.2 6 2 2.6 | 
6 D.A.Ca, 66 117 51 7 L.Z 1.9 4.9 | 6 2.4 1] 
7 F.N.Ch. 52 106 54 $ 1.3 2.3 +.7 ] | 3.9 S 
S F.N.Ch. 50 102 52 5) 0.9 2.3 S.J 7 + 4.1 13 
9 B.A.Coo. 62 llv 50 13 0.6 1.3 3.6 | 8 1.9 15 
lO FSC, 62 92 30 0 0.8 1.9 5.1 9 » » 4 11 
ll F.S.( 61 98 37 2 0.7 1.3 4.3 9 5 9 13 
12 6F.S.( 4 86 32 2 0.8 TS 3.8 5 4 2 .D y 
1I3 FS. 60 YP 32 » 0.8 1.4 4.7 6 5 3.4 9 
14 C.B.Co 82 112 30 9 7 0.9 2 3.5 7 } i 16 
is) 6 C.B.Co 79 114 35 14 l 1.0 2.0 4.9 11 3.0 15 
16 C.B.Co 73 100 27 13 5 0.8 1.5 $.5 10 a) 3.2 18 
7 C.B.Co 77 116 39 4 17 0.8 1.4 4.7 2 9 3.9 33 
18 H.V.D 72 138 66 0 l [.3 L.7 5.2 4 6 2.) 12 
19 =F.CLE. 73 110 37 12 0 0.9 1.8 4.0 8 6 2g 1? 
20 ~F.E.H 80) 112 2 21 8 0.9 1.8 4.4 19 17 3.3 IS 
3 Cle 3 147 64 5 10 1.0 3.2 6.1 6 1 2.8 15 
7 22 C.H.A 84 140 56 13 14 Le 22 6:3 6 } 3.8 27 
2 F.R.J. SO 118 38 9 0.8 1.8 2.9 s ] 1.9 1] 
24 R.W.K. i2 123 51 Ss 26 0:7 0.9 3.7 17 93 1.8 18 
5 ED.LI 74 132 8 24 18 0.8 By 4.6 10 4 2.3 42 
26 S.H.Lo. 72 96 24 —10 1 1.4 2.8 3.8 —7 } 3.3 11 
27 A.R.M 68 125 D7 10 2] 0.7 ee 4.8 7 10 2.5 31 
8 CH.Pa 58 114 6 } 15 0.8 2 .] 4.8 > 11 2.3 18 
29 R.0.Pa D2 119 67 l 14 1.3 2.F 4.9 5 11 3.5 13 
x) H.A.R. 68 84 16 8 2 0.7 :.2 3.5 4 2 2.2 10 
31 H.A.R 70 106 36 8 5 «60.8 t.-2 3.8 —f Ss 33 13 
ea S 63 130 67 9 2 La 1.9 5.1 7 3 9.5 11 
33.6 CJ. BS. 8? 128 46 16 0 0.8 1.9 5.1 1] 6 3.3 16 
34 P.N.Ta. 80 130 50 —19 0 3 1.9 4.6 4 3 com 19 
a5 F.N.Ta. 69 123 54 4 15 bs 1.9 4.5 3 6 3.2 19 
36 ~E.D.Th. 73 131 58 10 14 0.7 1.4 4.8 6 1 1.9 24 
37 N.A.Wa. 71 140 69 14 0 1.4 2.7 4.8 10 12 3.8 14 
38 R.W.Wi. 69 120 51 12 5 0.8 1.9 3.8 11 9 >.0 17 
39 R.W.Wi. 71 120 49 16 9 0.8 1.2 3.8 14 11 3.3 25 
40 C.H.Wo. 81 130 49 —22 2 0.8 1.8 3.6 17 9 29.5 20 
Odd 
numbers 69 117 48 7 8 0.9 1.8 4.3 4 2.9 15 
Means ,———— = — 
Even 
numbers 70 116 46 7 7 0.9 1.8 4.4 — 1 2.7 14 





3 By ‘‘immediate’’ is meant the first obtained. 
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Table 2 is compiled from the individual curves of the pulse rate after 
inning 400 feet in 40 seconds. 
As in the previous instance, two sets of averages were computed : 
(1) For the group composed of the odd number; and 
(2) For the group composed of the even numbers. 
it was found, however, that the averages were so close that two separate curves 
could not be drawn clearly. Hence one curve was drawn, and all the separate 
points plotted for each group. 
The graph is shown in figure 2. The points representing group A are 
showns by means of circles. The points representing group B are shown by 


means of crosses. 


111. 


All the experiments in this series were carried out on the same subject. In 
four of these experiments the pulse rates were counted directly and written 
down, as previously explained. This is called series A. In eight cases a graphic 
record was obtained. The pulse rates were obtained by measurement from these 
tracings with a high degree of accuracy. This is called series B. 

When all the separate graphs were plotted it was seen that they were very 
uniform, although the troughs and crests occurred at somewhat varying times. 
It was then decided to average the two series separately, adopting the principle 
of putting the individual curves in the same phase with respect to the trough, 
and averaging them just as though they were superimposed. This was done by 
compiling a table in which the numbers in horizontal rows represented the 
successive pulse rates per minute for each quarter-minute, expressed as the 
excess over the minimum pulse rate. By placing the minimum pulse rate in 
each case in a time column ealled O, the successive columns on the right repre- 
sented successively the pulse rate in each case, 15”, 30”, 45”, ete., after the 
occurrence of the minimum. On the left the columns represent successively the 
rates 15”, 30’, ete., before the occurrence of the minimum. 

Since, however, the minimum did not occur at the same time after the 
exercise, this extension to the left was only continued for three measurements. 

Then a gap in time was left, and the first column averages obtained by 
taking the mean of all the first counts, and determining the mean period hetween 
the time at the first count and the trough time. 


The mean values are given in Table 3. 
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TABLE 3. 
Analysis of two sets of experiments on the same subject. 


Series A. Pulse rates counted directly. 
Series B. Pulse rates determined from a graphic record. 





Time in minutes Time in minutes 
in relation to Mean value of the in relation § to Mean value of the 
the time of the pulse rate expressed the time of the pulse rate expressed 
minimum pulse as excess over the minimum pulse us excess over the 
rate. minimum pulse rate. rate. minimum pulse rate. 
Series A. Series B. Series A. Series B. 
1.13 46 41 10 1] 
0.75 21 21 12 10.5 
0.50 13 9.5 13 12.5 
0.25 5) 4 16.5 12.5 
0.00 0 G 16 14 
0.25 5 2.5 14 17 
0.50 6 5.5 16 17 
0.75 4 6.5 17.5 17 
1.00 7 7.5 17 17 
1.25 8.5 9.5 


The graphs derived from these data are shown in figure 3. 
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Figure 3. Showing pulse rate after running 400 feet in 40 seconds, and illustrating 
the close agreement between the pulse rates as counted, and as recorded graphically. 

Ordinate: Mean of the excesses over the minimum pulse rate (trough level) in eaeh 
experiment at corresponding times, 

Abscissa: Time in minutes before or after the occurrence of the minimum pulse rate 
in each experiment. 

The arrow marks cessation of exercise. 

Curve A is averaged from four experiments in which the pulse rate was counted 
throughout. 

Curve B is averaged from eight experiments in which the pulse rate was measured from 
graphic records, 


Figure 4. Showing the change in pulse rate after slow stair climbing. 
Ordinate: Excess of pulse rate over trough value. 

Abscissa: Time in minutes before and after the minimum pulse rate. 
The arrow marks the cessation of exercise. 

The mean trough level=64. 
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IV. 

The application of the present method of analysis to data obtained by 
previous workers. 

Among the data submitted by Cotton (T. F.), Rapport, and Lewis on the 
effect of stair-climbing ‘on the pulse rate are ineluded four results from the one 
subject. In three cases the exercise was moderately slow, in the fourth case the 
rate was much faster. When the results of the three slow exercises were treated 
as in the previous section the curve shown in figure 4 was obtained. 
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Fig 5. Showing mean curve from data of pulse rates of 20 subjects after walking up 
and down 25 steps at a moderate pace. 

Ordinate: Excess of pulse rate over the minimum value. 

Abscissa: Time in minutes before and after the exercise. 

The arrow marks the cessation of the exercise. 

The mean trough level=74. 


It will be seen from this curve that a trough oceurs about 1-5 minutes, and 
the following crest about 3-75 minutes, after the cessation of the exercise. By 
the same method it has been possible to examine the data compiled by Parkinson 
on the effeet of slight exertion on twenty healthy subjects. The exercise con- 
sisted of a walk up and down a flight of twenty-five steps at a moderate pace. 

The graph obtained is shown in figure 5. 

The pulse trough occurs at 1-5 minutes after the cessation of exercise, but 
as the observations were only continued for a short time after work the rise is 
incomplete, so that it is not possible to ascertain the amount or time of occurrence 
of the subsequent crest. 

DISCUSSION. 

For convenience of comparison the essential results of the various experi- 

ments are placed together in the following table of summary. 
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TABLE OF SUMMARY. 


* Ratio of 


Mean Mean Mean crest Mean Mean Mea 
Type resting Mean time time time to value value crest 
of pulse of Mean to to trough of of minu 
exercise. rate. maxima, increase. trough. crest. time. trough. crest. troug 
Deep knee bends .. .. 78 103 25 3.7 8.3 2.2 70 80 
400° run (all subjects) 70 117 47 1.8 4.3 2.4 63 78 | 
Series of 400° run on 
C.B.C, (counted) .. 78 126 46 1.5 4.7 3.2 67 84 17 


Series of 400’ run on 
C.B.C. (recorded ) 
Stairease exercise (from 

ime) 3. a ks oe « OO 100 30 1.8 3.9 9.9 64 7 
Staircase exercise (from 
Parkinson ) 


114 41 1.5 4.5 3.0 65 82 li 


1.7 o* 


4 3.7 wee 74 87 l 


By reference to the table of summary it will be seen that there is a certau 
degree of uniformity in the time rela.ions between all the series of results except 
the first. 

The mean trough times in all these cases, in which light exercise was con 


cerned, lay between 1-5 and 1-8 minutes, and the mean crest times between 3-7 


and 4:7 minutes. In the case of the ‘‘deep knee bend,’’ which is a strenuous 
form of exercise, both the mean trough and the mean crest times were much 
longer, although the ratio of these times was of the same order of magnitude as 
in the ease of the light exercises. 

It is hoped at a later stage to investigate the relation of the severity and 
duration of the exercise to the trough and crest time. At present no explanation 
is offered as to the causation of the pulse trough. It should be noted, however, 
‘that the time of its ocenrrenece shows that it has no relation whatever to the 
trough in the systolic blood pressure after exercise. This trough, as shown by 
Lewis and others, occurs within about half a minute after the cessation of 
exercise, while the time elapsing before the pulse trough may be from one to 
more than three minutes, varying with the individual and with the severity and 
duration of the exercise. 

An anomaly may appear in the table, in that, whereas the ‘‘deep knee bend”’ 
was the most strenuous exercise of the series, and of similar duration to the rest, 
the maximum pulse rate recorded was the least of all. This may be explained 
by the fact that in these experiments the pulse count was commenced 30 seconds 
after cessation of the exercise, and extended over 30 seconds, so that the mid 
point of the count was 45 seconds after cessation of exercise, whereas in all the 
other cases the delay was 15 seconds or less, and the count itself lasted 15 seconds 
(with a mid-point of 223 seconds after the exercise). As may be seen from the 
vraphs, this time difference (of 224 seconds) may account for a drop of some 
twenty to thirty in the pulse rate per minute. At first sight it may seem remark- 
able that a phenomenon apparently so easily demonstrated lay unearthed so long 
in a well-ploughed field of physiological study. <A brief consideration may 
serve to explain this. 
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It is clear that the pulse trough can only be conclusively demonstrated by 
a continuous set of accurate pulse counts or graphic records extending over a 
period of at least five minutes, though it may well be indicated by a statistical 
survey of a set of approximate pulse counts. In the past, however, interest as 
io the effect of exercise on the pulse rate has been concerned with either : 

(1) The immediate effect taken as close to the cessation of exercise as 
possible as an indication of the rate during exercise ; or 

(2) The more remote effect as bearing on the time taken to return to 
the original resting level. 

For the first purpose graphic records have usually been relied on, whereas 
direct palpation has been recognized as sufficient for the second purpose. Now 
the graphic method in this instance involves not only the taking of the tracing 
itself, but an accurate subdivision of it into 10- or 15-second intervals, with 
careful measurement and computation. Moreover, a single tracing would need 
to be of the order of a couple of metres in length to give readily measurable 
results in an experiment of about five minutes’ duration. It is clear, therefore, 
that unless some special effect were suspected in this period, such a lengthy 
process would be unnecessarily laborious for long experiments and quite super- 
fluous for the shorter ones. 

When the method earlier described for the easy execution of continuous 
accurate pulse counting was evolved, its application to the experiments in 
question readily confirmed the phenomenon, already indicated statistically. It 
should be stressed, however, that all the subjects employed were experienced 
subjects for pulse work, so that, as the irregularities frequently observed in the 
pulse of the novice subject would be at a minimum, any constant phenomenon 
would have every opportunity for revealing itself. 

Since the writing of the present paper another study on the same topie has 
come to hand. In this case also the phenomenon was indicated by a series of 
results (extending over some years) obtained during the student class work on 
human physiology. These experiments were carried out at Stanford University. 
A closer examination of the subject was undertaken by Klyver (Jr.) and others. 
On completing their more critical experiments, however, these workers concluded 
that any apparent fall and rise in the pulse rate after exercise was merely an 
expression of the normal tendency to fluctuation that occurs during a period of 
rest. Their conclusion, completely stated, is as follows: ‘‘The first secondary rise 
in pulse rate following a brief (5-seeond) period of violent exercise occurs, on 
the average, with 3-2 seconds* after the exercise, immediately upon the return 
to normal following the primary rise. Its average value is of nearly the same 
magnitude as the rises in the normal fluctuations of the pulse at rest, and it 
appears to be chiefly accounted for by the causes that give rise to the normal 
fluctuations. ”’ 


4 Probably this is a mistake for minutes. 
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The criticism here offered is that the method used for confirmation or denia 
of the phenomenon in question was inadequate. The method employed neithe 
fulfilled the condition that it should be continuous, nor was it as accurate as i 
might have been. 

One determination of pulse rate was made each minute, and that over 
period of 30 seconds. Thus no attempt was made to secure the continuit; 
afforded by 15-second periods. Palpation was resorted to for counting and th: 
number of pulses estimated to the half-beat. 

In conclusion, | wish to express my thanks to Professor H. G. Chapman, in 
whose laboratory this work was done, for his encouragement and criticism, to 
Associate Professor H. Priestley for helpful advice, and to all those who played 
the part of co-observer or of subject. 


SUMMARY. 


1. Evidence is submitted to demonstrate that shortly after muscular exer 
cise which is not too severe or prolonged there occurs a phenomenon hitherto 
undescribed, namely, a definite phase of decreased pulse rate followed by a 
temporary rise. 

2. This phenomenon, described here as a post-exercise pulse trough, is con- 
firmed when data published by other workers are examined by fresh methods to 
exclude individual distortion of the averaged results. 

3. The difference in pulse rate between trough level and subsequent erest 
level varied in the averaged series from ten to seventeen pulse beats per minute. 

4. The mean trough times in all the experiments involving light exercise 
lay between 13 and 2 minutes, while the mean times for the subsequent crest 
lay between 33 and 5 minutes. 

>». In the experiment involving a more severe type of exercise the mean 
trough and mean crest times were of the order of double these values. 

6. A diseussion of the results is given, in which it is suggested that there 
is a definite reason why this phenomenon, so readily demonstrable, remained for 
so long unrevealed. 
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(1) A BRIEF HISTORICAL REVIEW OF THE RELATION OF 
MANGANESE TO PLANT LIFE AS GIVEN BY PREVIOUS 
AUTHORS. 


Scheele, in his Memoires de Chyme, Dijon, 1785, is stated by Bertrand (5) 
to be the discoverer of manganese in plants. Manganese occurs in most soils 
and in all plants. Bertrand (8), by careful work and enormous numbers of 
unalyses, states that the element is universal in plant life, and shows that even 
the exceptions quoted by Maumené (26) also contain manganese. 

The quantity of manganese in plants varies considerably. Sehroeder (31) 
reported 35-53% MnO, in the ash of pine needles, and 41-23% MngQ, in the 
ash of pine bark, while Baker and Smith (2) have shown that the amount of 
manganese in Euealypts is very minute. 

A review of the uses of manganese as a fertilizer is given by Bocher (10), 
who states that manganese functions in a variety of ways: directly, or eata- 
lytically, as a fertilizer, as a stimulant, antiseptic, and anticryptogamic; it 
accelerates germination and maturation, increasing the vield and quality of the 
crop. Experiments that have been reported vary considerably, but only in 
importanee. Any difference of opinion is only on the form in which the man- 
ganese should be used. 

Manganese as a fertilizer has been used experimentally by Kelly (21, 22, 
23), Skinner and Sullivan (33), who also give reviews of the earlier work. <As 
the experimental work was chiefly concerned with field production, the value of 
the fertilizers is left in doubt, some workers reporting that good results were 
obtained, others bad. They generally agree that large amounts of manganese 
are toxic to plants. Experiments have been made in which manganese was 
substituted for iron in the nutrient media. Sachs (28), Birner and Lueanus 
(9), and Wagner (35) showed that manganous or manganic phosphates injured 
plants. 
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Bertrand (6, 7, 8) found manganese in the oxidizing enzymes of laccase 
and attributes the physiological effect of manganese to its influence on th 
enzymes. Bertrand (6) states that the oxydases are a complex manganese cation, 
with an organic anion—for example, a protein. The oxidation process thei 
proceeds thus: 

(1) RMn+ H.O =R Hz, + MnO. 
(2) MnO + O. = MnO, + O11. 
(3) RH. + MnO. = RMn + H.O + O},7 


Thus the ferment is regenerated, and the liberated atomie oxygen oxidizes 
any oxidizable bodies present. Bertrand found large amounts of manganese in 
the ash of his lacease, and in the laeease itself much protein. 

Chlorosis was observed in pea plants, barley, and seya-beans during water 
culture experiments containing manganese sulphate. Loew and Sawa (24 
observed that ‘‘manganese in moderation has an injurious action on plants, 
consisting of a bleaching of the chlorophyll. The juices of such plants show 
more intensive reactions for oxidases and peroxidases than do healthy control 
plants.”’ 

Aso (1) in similar water culture experiments with radish, barley, and wheat 
plants observed yellowing with solutions made up as follows: (a) 0-02% man 
ganese sulphate plus a trace of ferrous sulphate; (b) 0:02% manganese sulphate 
plus 0:02% of ferrous sulphate, when compared with a solution (¢) 0-02% 
ferrous sulphate alone, the solutions (a), (b), and (e) being diluted with ten 
times their volume of water. Aso concludes that: 

(1) Manganese exerts both injurious and stimulative effects. Increased 
dilution tends to diminish the former and to increase the latter. 

(2) Manganese sulphate (0-002% ) in culture solutions stimulates radishes, 
wheat, and pea plants. Jron counteracts this effect. 

(3) The intensity of colour reactions of oxidizing enzymes in the man- 
ganese cultures exceeded those of the controls. 

Katayama (20) reports stimulating effects obtained with small amounts of 
manganese sulphate. Salome (29) made extensive field experiments with 
manganese salts and manganese dioxide. Yellowing follows the use of the 
oxide, but the final vield of the crop is increased. Injury to the plant was 
noted when manganese as manganese sulphate exceeded 50 kilos. per hectare. | 
and the plants died with larger amounts. Hall (17) states that the effect of 
manganese may be due to its action on soil bases, rather than to a direct action 
on the plant. Bernadini (4) concludes that manganese has a catalytic effect 
on the soils, increasing the oxygen absorption. 

srenchley (11) in many experiments noted that manganese sulphate had 
a stimulating effect on barley, but also that the plants browned when larger 
amounts were used. 

Kelley (23) correlated the vellowing of plants with manganese in the soil, 
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while Wileox and Kelley (36) stated that manganese destroyed the chlorophyll 
of the plant. Kelley noted the effect of manganese on several pot plants, and 
tated that when manganese was present it upset the mineral balance in the 
plant, as shown by analysis of its ash; the percentage of lime increased, while 
magnesia and phosphorie acid decreased. 

Guthrie and Cohen (16) ascribed a bare patch in an otherwise perfect 
howling green to a high manganese content in the soil, which analysis showed 
10 be present. 

Pugilese (27), Tottingham and Beck (34) suspeeted an iron-manganese 


2°5. 


antagonism, the former author stating that the opvimum ratio is 1 
Bartmann (3) states that the Japanese obtained excellent results using man- 
ganese carbonate with rice and vegetables. Subsequent experiments in Italy 
with manganese fertilizers produced favourable results only with manganese 
sulphate, while manganese dioxide proved quite useless. 

3rown and Miges (13) state that the effect of manganese solutions is due 
to their effect on the ammonification and nitrification ; Funchess (15) found that 
dried blood nitrification on certain Alabama soils produced soluble toxic man- 
ganese salts. Deatrick (14) showed that dilute solutions of manganese salts 
were stimulating, but that they became injurious when strong, the toxie effect 
being shown by brown roots and bleached leaves. MeCool (25) found pure 
manganese solutions were extremely toxic to wheat and pea plants; the toxicity 
is reduced by admixture with the nutrient solutions and soil cultures. Injury by 
the manganese ion is shown by chlorosis in the leaves; also manganese is less 
injurious to plants grown in the dark. The following elements have a decided 
antidotal action: Calcium, potassium, sodium, magnesium. Johnson (19) states 
that the effect of manganese is due to depressed iron assimilation. 

Finally, Pichard (26) states that manganese seems to concentrate in those 
parts of the plant in active vegetation and in very young shoots, while Jardin 
and Anstrue (18) conclude that ‘‘the chlorophyll-bearing parts seem in plants 


, 


to be richer in manganese than the subterranean parts.’ 
(2) THE DISTRIBUTION OF MANGANESE IN PLANTS. 


While associated with the late H. G. Smith, during the years 1921-23, in 
an investigation of some of the Euecalypts, and in particular an examination of 
the latex of the Maryborough pine, the author’s attention was repeatedly directed 
to the invariable occurence of manganese in the trees and latex examined. 
Later it was suggested that an examination of the functions of manganese in 
plants would be of interest, and in this work the author had the very able 
assistance and generous advice of H. G. Smith, until the latter’s demise in 1924, 
together with the very keen interest of Professor Fawsitt. The results presented 
here cover work done at the University, and later completed at the Central 
Research Laboratories Limited. 
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Manganese in the Eucalypts. 

The results of plant metabolism are, generally speaking, more often aserib«:| 
to the effeets of organic influences than to those in which inorganic constituents 
play an obviously more important part. In spite of the fact that it is reeognize:| 
that the available food of plants is most intimately associated with the presence 
of certain inorganic elements, without which metabolism does not procee:| 
satisfactorily, the more detailed examination of these latter processes has been 
neglected in comparison with that performed on the organic side. 

The methods whereby these minute quantities of elements, often of the 
order of one part in one million parts of anhydrous timber, are able to assist 
the growth of the plant, are as yet not understood. The repeated occurrence of 
manganese in the Eucalypts appeared to be too constant to be fortuitous. In 
the following table it will be seen that manganese is a constant constituent of 
the ash of most of the species of the genus Euealypts. The specimens for 
analysis were gathered by the author or by H. G. Smith, but in all cases they 
were identified by H. G. Smith before analysis. 


TABLE 1. 


One part of manganese 
“% Ash in “” Manganese in parts of anhydrous 
Eucalypt. dry material, in ash. wood. 

a eee 0.625 0.400 40,000 
. amygdalina .. .. 0.039 0.550 470,000 
me. botryoides .. .. 0.156 * 0.800 80,000 
a 0.053 .700 110,900 
. delegatensis .. .. 0.025 0.450 875,864 
A a eee 0.074 0.400 340,000 
). @ugenioides .. .. 0.076 0.750 175,000 
- goniocalyx .. .. 0.124 0.403 220,000 
. hemiphloia .. .. 1.480 0.300 22,500 
}. macrorrhynecha .. 0.070 0.753 190,000 
©. melanophloia .. 0.167 -530 39,000 
. melliodora .. .. 0.515 0.694 28.094 
- maculata .. .. .. -430 0.780 9,000 
m. microcorys .. .. 0.362 0.310 89,000 
B. Oobliqua .. .. .. 0.021 0.250 1,900,000 
, POPPI. ws 0.445 -500 15,000 
. paniculata .. .. 0.562 0.200 890,000 
> PUMCTATR 2. oo 0% 0.321 0.320 97,500 
er 0.055 0.270 676,000 
Eo 0.097 -500 206,000 
m. siderophloia .. .. 0.145 500 46,000 
. Sideroxylon .. .. 0.144 -750 39,800 
Sl ae 0.416 .000 24,080 
me. Vaninalis .. .«. .. 0.151 .870 76,000 

E. Woollsiana .. .. 0.555 -600 30,000 


The timber was dried in a hot air oven at 100°C., and ashed in a muffle at 
just perceptible red heat (approximately 500°C.). After complete combustion 
the ash was suspended in distilled water, and a slow stream of carbon dioxide 


passed through the suspension for half an hour. The water was then evaporated 
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on a water bath, and the ash dried at 100°C., and weighed. The carbonated ash 
was generally buff coloured, the water soluble portion being white. The man- 
vanese was then determined colourimetrically by the ammonium persulphate 
method, using a Hellige colourimeter. During these analyses it was observed 
that the manganese occurred in higher concentrations in certain parts of the 
tree. This is well shown in the following table: 


TABLE 2. 


Analyses of two trees, E. punctata, growing at (1) Roseville, 
(2) National Park. 
One part manganese 


“ Ash in ‘4 Manganese _ in parts of anhydrous 
Part of tree. dry wood. in ash. wood. 
Buds and Petioles .. (1) 3.79 0.233 11,350 
Leaves and Twigs .. (1) 3.25 0.269 11,480 
(2) 3.90 0.370 6,900 
Small Branches (1) 2.76 0.274 13,250 
(2) 2.99 0.302 11,050 
Large Branches (1) 0.48 0.430 48,500 
(25 0.54 0.470 39,500 
Timber (1) 0.32 0.32 97,500 
(2) 0.28 0.30 119,000 
Sark (1) 3.73 0.085 31,500 
(2) 2.06 0.078 62,009 


It is at once noticed that the manganese is at greatest concentration in those 
parts of the tree which are most chemically active and responsible for the 
growth of the tree. In Table 3 are given analyses of the soils in which the above 
two trees were growing. It will be observed that the manganese is concentrated 
in the surface soil. This is not surprising, when it is remembered that the leaves 
of the tree fall to the ground, and rotting, form new soil, in which is all the 
manganese of the leaf. The sample of surface soil was collected after the leaves 
and loam had been removed, and was taken from a depth of 3 inches below the 
surface. 

TABLE 3. 


Analyses of soils in which E. punctata were growing at (1) Roseville, 
(2) National Park. 


Three samples Of soil for each tree collected as follows: (a) 3 feet from 
trunk base and 3 inches below the surface; (b) 3 feet from trunk base and 
2 feet below the surface; (c) 25 feet from tree, or at such distance as to give a 
soil typical of the district. 


(a) Surface soil. (b) Sub-soil. (c) District soil. 

Element. (1) (2) (1) (2) (1) (2) 
Insoluble .. .. 41.07 46.35 43.46 43.70 44.30 46.40 
ae 0.63 0.58 0.83 1.10 0.61 0.95 
_* ee 0.31 0.11 0.44 0.39 0.27 0.51 
SO ee 0.66 0.32 1.40 0.41 0.34 0.60 


semen 0.51 0.41 0.65 0.48 0.41 0.44 














130 WILFRID B. S. BISHOP 


(a) Surface soil. (b) Sub-soil. (c) District soil. 

Element. (1) (2) (1) (2) (1) (2) 
ee 9.74 4.33 0.80 0.35 0.32 0.66 
4 eee 23.41 21.50 22.20 24.07 23.29 25.26 
| ee 6.53 10.01 15.40 18.51 14.68 11.82 
P.O; Ae eo aie oe 0.36 0.09 0.21 0.22 0.13 0.04 
SO, Serer oer 0.05 0.10 0.16 0.06 0.11 0.13 
Laneae ignition 7.92 16.93 14.49 10.73 15.67 13.10 
100.98 100.73 100.04 100.02 100.13 99.9] 

Nitrogen (N) . 0.39 0.35 0.34 0.18 0.38 0.25 


At this point it seemed desirable to proceed with this investigation along 
the following lines: 

(1) Numbers of other plants and plant products, chosen at random, should 
be analyzed for manganese. 


(2) The localization of manganese, as indicated in Table 2, for E. punctatu 
should be sought in other plants. 

(3) Actual growth experiments, carefully controlled, should be made to 
determine whether manganese is really essential for plant growth, and also to 
determine the effects of various amounts of manganese on plant growth. 

The results recorded in the remainder of this paper follow the above scheme. 


(1) The Examination of Plants and Seeds Selected at Random for the Presence 
of Manganese. 


The method of preparing the sample for analysis, and the estimation of 
manganese, was the same as already detailed for the examination of the ashes 
ef Eucalypts. The results are recorded in Table 4. 


TABLE 4. 


“« Manganese One part of manganese in 
Plant. in dry material. parts of dry material. 

— eh rr ae 0.0027 37,000 

Cabbage leaves .. 0.0063 15,900 
Maize (excluding cobs and roots) 0.017 5,900 
ME sous: a6) aie 4 See ok 0.0002 675,000 
Orange aes oe 0.0003 333,333 
Spinach .. . ete alee ee 0.0053 18,850 
Tomatoes (whole Dee ow ee Say ee 0.0013 77,500 
Co Ge ee a Nil Nil 

Seeds. 

RN Star ik “GR. RG cots a do a 0.0014 87,500 
DN one tesa See Oe ow Sa Ade ee 0.0015 66,700 

RR eae a 0.0066 15,190 
Cabbage (white) .. .. «. s+ eo» 0.0024 41,750 
EE Sate” A oe en ae SG sere ios 0.0058 17,250 
Re a ee eer Be 0.0014 71,500 
SIRE <6 Sn e kT war tea aa’ Jew 0.0024 41,700 
Rae A ee ee eee ee 0.0008 250,000 
NCR: Gis “WR Tila nw See er eS 0.0049 20,400 
NNR cigs or cp, axial baie ane ake “ys 0.0024 41,700 
ee cite: ae aera Ma mee” awe. as 0.0012 83,500 
SS a ee 0.0047 21,500 


ee ee 0.0025 40,000 
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From the results in Table 4 it is seen that manganese is present in many 
varieties of seeds, plants, and fruits. The absence of manganese in milled flour 
is striking, and a careful examination of many varieties of white milled flour 
showed that in all varieties manganese was absent. However, in wholemeal 
flour manganese was always found. It thus appears that the manganese is 
removed during the process of milling, which indicates that the manganese is 
highly localized in the wheat seed. That this is so was shown when the husks 
and seed coats were removed, and both the kernel and husks examined for 
manganese. Only in the husks and seed coats could manganese be detected, the 
kernel being free from manganese. 


(2) The Localization of Manganese in Plants. 


As has already been indicated in Table 2, manganese in the E. punctata 
is not evenly distributed throughout the tree, but is concentrated in various 
portions of the tree, and is at its highest concentration in those parts of the tree 
which are most active chemically in the life of the ‘ree. It was therefore 
desirable to know whether this feature of localization held in other plants, and 
hence analyses of various parts of plants were made, six mature maize plants 
being examined in detail. The results follow in Tables 5, 6, and 7. 


TABLE 5. 
Analyses of Maize Plants Grown to Maturity. 


“ Manganese in dry parts of the plant. 


Plant No. Leaves. Stems. Grains, Cobs. Roots. 
l 0.044 0.020 0.041 0.038 
2 0.028 0.013 0.026 0.024 Combined 
3 0.030 0.024 0.050 0.026 sample 
4 0.035 0.017 0.048 0.030 0.059 
5 0.032 0.019 0.029 0.025 
6 0.040 0.014 0.052 0.037 

TABLE 6. 


Weight of Dried Parts of the Maize Plants, and their Manganese Content 
(in grammes ). 


Leaves. Stems. Grains. Cobs. Roots. 

Plant Mn. Mn. Mn. Mn. Mn. 
No. Grams. Grams. Grams. Grams. Grams. Grams. Grams. Grams. Grams. Grams. 

1 .. 240.9 0.106 195.0 0.039 261.0 0.107 71.1 0.027 

2 242.8 0.068 153.8 0.020 307.7 0.080 50.0 0.012 

3 236.7 0.071 125.0 0.030 226.0 0.113 103.8 0.027 Combined 

4 254.3 0.089 147.0 0.025 191.7 0.092 50.0 0.015 sample 

5 .. 218.8 0.070 200.0 0.038 220.7 0.064 80.0 0.020 57.6 0.03 

6 .. 247.5 0.099 192.8 0.027 225.0 0.117 83.9 0.031 
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TABLE 7. 


The Distribution of Mangunese in the Maize Plants. 


Mean “« age Meandry Mean weight Percentage 

Part of plant. manganese. weight. of manganese. distribution. 
BNE ces pe Kem THs 0.035 240.2 0.084 31.63 
SO ha ate” ho ese wie 0.018 168.9 0.296 11.18 
II tats act sake Zara ca 0.041 238.6 0.096 36.05 
eae 0.059 57.6 0.034 12.80 
WON ant ee en 0.030 73.1 0.022 8.31 


99.97 


Tables 5, 6, and 7 show a similar localization of manganese in maize planis 
as was found for E. punctata (Table 2). That is to say, the manganese is al 
the highest concentration in those parts of the plant which are most chemicall) 
active and responsible for the development of the plant. 

In the following table is given the distribution of manganese in a flowering 
plant, the Madonna Lily (Lilium candidum). 


TABLE 8. 


The results are expressed as the mean of four plants in flower, which were 
combined, and the total ashes of the different parts analyzed. 





{ Manganese One part of manganese in 
Part of plant. in dry plant. parts of dry plant. 
ck lig aig; ele) “at were? Jae ann 0.0021 47,200 
NS Ose, ca ale, Vet tay ay, 0.0010 100,000 
Stem, below ground .. .. .. .. 0.0009 111,000 
Stem, half aerial .. .. .. .. .. 0.0003 333,333 
Stem, upper half aerial .. .. .. 0.0003 333,333 
Combimed leaves .. .. .. .. «- 0.0025 40,000 
Flowers. 
ee ee ee eae 0.0016 62,000 
Se Se ae er ae is 0.00380 33,333 
Styles and stigmata .. .. .. .. 0.0020 50,000 
CO EN ee Pope eee 0.0019 52,750 
ere eer ae eee 0.0009 111,111 


Table 8 again illustrates the localization of manganese in a plant of very 
different nature to either of those previously examined. 

In concluding this section on the localization of manganese in plants, two 
further examples are given, which are most interesting. 


TABLE 9. 


Localization of Manganese in Cabbage Leaves and Mandarins. 


‘~ Manganese One part of manganese in 
Part of plant. in dry material. parts of dry material. 
Cabbage Leaves: 
EE Aa a aw. a ewe em -an 0.002 50,000 
NER haat its octane. tase. vend 0.004 25,000 


SS er a eee 0.006 16,666 
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Yo Manganese One part of manganese in 
Part of plant. in dry material. parts of dry material. 
Mandarin: 
i ne a 0.0007 142,860 
ee ee eee ee 0.0005 200,000 
TSAR far a ahaa Sn aaa tad 0.0004 250,000 
Sections without seeds .. .. .. 0.0002 500,000 


DISCUSSION OF RESULTS FOR SECTION 2. 
Examination of Tables 2, 4, 5, 6, 7, 8, and 9 supports the following 
conclusions : 
1. Manganese is not evenly distributed throughout the plant. 
2. The manganese is at its highest concentration in those parts of the plant 


which are most active chemically in the life of the plant. Thus from the fore-_ 


going tables the order of manganese concentration in plants appears to be as 
follows: (a) Buds, Petioles, Leaves, and Twigs, (b) Roots, (¢) Small Branches, 
(d) Large Branches, (e) Trunk Timber, given in descending order of concen- 
tration. For flowers the order appears to be: (a) Ovaries, (b) Styles and 
Stigmata, (c) Anthers, (d) Perianth, (e) Peduneles, also in descending order 
of concentration. Pichard (27) states that ‘‘manganese seems to concentrate 
in those parts of the plants in active vegetation, and in young shoots.”’ 

3. In general the reproductive organs of the plants have the highest man- 
vanese concentration. 

4. The woody portions of the plant, which are mainly passive in its life, 
have very little manganese in them. 

5. Since it has been shown that manganese is a constant constituent of 
plant tissue, and further that it is apparently a very necessary element in the 
life of the plant, since it occurs in the most active parts of the plant, the follow- 
ing experiments on plants were justified. 

The final section of this paper will deal with a series of experiments 
designed to show (a) whether manganese is essential for plant growth; and 
(b) the effect of different concentrations of manganese salts on the growth of 


the plant. 


(3) EXPERIMENTS WITH MANGANESE SALTS ON 
GROWING PLANTS. 


The principal difficulty in controlled growth experiments is the production 
of a nutrient medium free from all undesirable elements, and containing only 
those actually added, whose effect it is desired to observe. Thus it seems desir- 
able to give the technique adopted in detail. 

The pots in which the plants were grown were of glazed earthenware, glazed 
inside and outside. These were thoroughly treated with boiling dilute hydro- 
chlorie acid (1 : 3); no manganese could be detected in the acid after treatment 


of the pots. When unglazed pots were used manganese could be detected in 
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considerable amounts. The use of unglazed pots would have invalidated an) 
growth experiments, as the plants would have been able to absorb manganes 
from the pot walls. 

The plants were grown in purified sand, to which was added nutrient salt» 
and the manganese salts to be tested. The sand was purified in the following 
manner: Beach sand was washed well with boiling water, then treated with 
boiling concentrated hydrochloric acid, followed by boiling 30% nitric acid, until 
free from iron. The sand was then washed free from nitrie acid and chlorides. 
and was almost snow white in appearance. The sand so prepared was quite 
free from soluble salts, and made an ideal medium for the growth of plants. 

The nutrient mixture was made from Mercks’ **pro analisi’’ chemicals, 
‘after being found free from manganese. 


Nutrient Mixture: 


Calcium Chloride .. “e i oy is 10.0 grams. 
Calcium Carbonate a és — ee 20.0 = 
Potassium Hydrogen Phosphate pal i 5-0 - 
Di-potassium Phosphate .. ‘s ae es 5.0 a 
Magnesium Chloride i os os o 2.0 “. 
Sodium Sulphate .. ms is oe aa 3-0 ve 
Potassium Nitrate aa ae =< one 11.0 a 
Ferrie Chloride “3 oe a Re a 2.0 


This mixture was added to the sand, so that its concentration was 1% by 
weight of the sand. Manganese as manganese sulphate was then added to the 
plants to be tested in the following proportions: (a) 5 parts per million; (b) 10 
parts per million. The amount of distilled water used was three-quarters of that 
required to saturate the sand. The amount of water soluble manganese in an 
average soil was found to be 6 parts per million. Hence the above concentra- 
tions of 5 and 10 parts per million should be a good average, while a third series 
(c) of 50 parts per million could be expected to be distinctly toxie in action. 


Experimental. 
For each experiment nine pots were used, as follows: 

(1) Control, having no manganese salt added to the nutrient mixture. 

(2) Nutrient mixture with 5 parts per million of manganese as man- 
ganese sulphate added. 

(3) Nutrient mixture with 10 parts per million of manganese as man- 
ganese sulphate added. 

(4) Nutrient mixture with 50 parts per million of manganese as man- 
ganese sulphate added. 

(5) Plant grown in a typieal soil, containing 0:09% manganese (900 
parts per million), of which 6-5 parts per million were water 
soluble. 

(6) to (9) as for (1) to (4), but the nutrient mixture was neutralized 

by the addition of calcium carbonate. 
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Thus we have plants growing in neutral and acid ‘‘soils,’’ with and without 
janganese, and also one plant in ordinary soil. 

An equal number of seeds were sown in each pot, and then distilled water 
equivalent to three-quarters of that required to saturate the sand in each pot 
was added, and the pot weighed. During the experiment the weight was kept 
approximately constant by the addition of water, although towards the end of 
ihe experiments the weight was greater than at the beginning, because of the 
vrowth of the plants. The distilled water used was distilled from Pyrex glass 
flasks, and was free from mineral matter. After the seedlings were up they 
were thinned to three plants per pot, and allowed to grow to maturity, or to 
such a stage as they showed a definite decline in condition. Thus the control 
plants grew normally for some weeks, and then began to wither. At this stage 
they were collected and prepared for analysis, the other plants being allowed 
io continue growth until they reached a similar condition. The plants were 
then gathered, dried at 100 C., and ashed in quartz basins at a dull red heat. 

The results of the analyses of the plants grown are given in the following 


tables: 
TABLE 10. 


Dry Weights of Plants Grown in Acid and Neutral Media. 


Acid Medium. 


Control, no 5 p.p.m. 10 p.p.m. 50 p.p.m. 
Plant. manganese. manganese. manganese. manganese. Soil. 
Grams. Grams. Grams. Grams. Grams. 
_.... Saree 5-5 12.2 8.5 no growth 13.6 
ES eee 7-0 9.0 4.] no growth 11.6 
ae 43.0 63.1 30.4 no growth 70.3 
eo 10.2 26.9 9.7 no growth 29.2 


Neutral Medium. 


Radish .. .. .. 8.4 12.6 13.1 3.0 13.6 
Beans P 7.6 9.5 8.3 11.0 11.6 
PeOISe 66 ss xs 40.2 71.0 45.0 26.9 70.3 
Peas 9.8 30.5 19.8 11.7 29.2 


It is evident from the above table that manganese greatly improved the 
growth of the plants. However, the beneficial action is confined to narrow limits 
as regards concentration, the optimum concentration being slightly above 5 parts 
per million of water soluble manganese. This agrees well with the results 
obtained with the plants grown in the typical soil, which had a soluble man- 
vanese concentration of 6-5 parts per million of manganese. 

A point of interest is the anti-toxicity of the calcium carbonate towards the 
manganese. Thus in the acid medium there was no growth at all with manganese 
concentration of 50 parts per million. When ealeium carbonate was added, 
viving a neutral medium. quite good growths were obtained for the legumes. 
There was at first little difference in the rate of growth of the plants, but as 
those without manganese used up that initially present in their seed coats, they 
fell behind those which were receiving moderate additions of manganese. We 
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return to this point later. 
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In the following table are presented detailed analys: 
of the ashes of the plants whose dry weights were given in the previous table. 


TABLE 11. 


Analysis of the Ash of Radish Plants, Calculated to Dry Weight 


Element. 


Ash 
KO . 
MgO .. 
CaO 
Mn 
FeO: 
P.O, 

N 


Element. 


Ash 

KO 
MgO 
CaO 

Mn 
FesO: .. 
P.O; 

N 


of the Plant. 


Acid Medium. 


Control, no 5 p.p.m. 


manganese. manganese. 

22.67% 25.76% 
11.40 16.30 
0.79 0.77 
4.88 4.67 
0.005 0.057 
0.092 0.088 
0.942 1.49 
5.] 7. 


Neutral Medium. 
Control, no 
manganese. 


5 p.p.m. 


22.05% 25.50% 
11.65 11.47 
0.63 0.67 
5.54 5.70 
0.003 0.059 
0.135 0.133 
1.37 1.2] 
4.75 6.30 


TABLE 12. 


manganese. 


10 p- 
manganese, 
26. 
16. 
0. 

4. 
-O87 


0 
0. 
] 


10 p- 


nlanganese. 


26. 


13. 
0. 
6. 


0. 
(0). 
] 


v- 


Analyses of Ashes of Beans Grown in Pots in Acid 


Results are calculated in percentages on the 


Element. 


Ash 

K.O 
MgO 
CaO 

Mn 
FeO .. 
PO; 

N 


Element. 


Ash 
K.O 
MgO .. 
CaO 
ee 
FeoOs .. 
P20; 

N 


Acid Medium. 
Control, no 
manganese. 


D p.p.m. 
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2.81 3.46 
0.002 0.01 
0.105 0.109 
0.53 1.14 
1.50 4.40 


Neutral Medium. 
Control, no 
manganese. 


5 p.p-m. 
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0.62 1.03 
1.97 3.25 
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TABLE 13. 


Analyses of Maize and Pea Plants grown with and without Manganese 
under optimum conditions as shown by weight, Table 10. 


Neutral. Control, 
5 p.p.m. manganese added. no manganese added. 
Plant. Maize. Pea. Maize. Pea, 
See oe ae 7.5% 12.6% 9.4% 15.0% 
eee ee 8.200 5.150 8.60 6.37 
is ite ‘es 0.380 0.830 0.45 0.63 
ca Sk ri ees 0.490 4.07 0.24 3.37 
Fae 0.022 0.036 0.001 0.0009 
a, eee 0.030 0.057 0.033 0.057 
3. ee rae 0.845 1.305 0.735 1.670 
_ i eR 0.450 3.05 1.24 2.90 


Reviewing the results as given in Tables 11, 12, and 13, the following points 
are worthy of notice: 

1. Addition of manganese to an acid medium leads to a greater increase in 
the mineral content of the plants than when a neutral medium is used. 

2. The amount of mineral matter in the plants is the same approximately 
in both acid and neutral control pots. although in the latter calcium carbonate 
has been added. 

3. More calcium is absorbed in the neutral experiments than in the acid; 
the caleium exerts an anti-toxicity towards the high concentration of manganese. 

4. More manganese is absorbed under neutral than acid conditions. 

5. More calcium is absorbed with manganese added at the optimum con- 
centration, magnesium is practically unaltered, while there is a very slight 
increase in the phosphorus absorbed. 

6. Manganese does not cause depression of iron assimilation, as shown in 
Tables 11 and 12, if the plant grown in a typieal soil is taken as standard. 


Discussion of Results Obtained in Growth Experiments. 

During the course of these experiments it was observed that for the first 
five or six weeks of growth there was little difference in the rate of growth or 
appearance of any of the plants. After this time the plants receiving manganese 
in the nutrient medium in a proportion comparable to that occurring normally 
in a good soil, made rapid progress, while the other plants either died or 
remained stunted. This result is well shown in Table 10, where the dry weights 
of the plants are given. 

In a recent paper, ‘‘Manganese Chlorosis in Pineapples: Its Cause and 
Control,’? M. O. Johnson (1924) records several pot experiments with rice 
seedlings, and states that manganese has an injurious effect, leading to the 


conclusion that ‘‘no evidence was found to show that manganese exerts any 
stimulating effect on plant growth.’’ Johnson states that the chlorotic effect of 


manganese is to be explained by the depression of iron assimilation, and also 
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that the effect of the manganese is largely dependent on the amount of iro: 
supplied. ‘‘When the nutrient solution contained a normal amount of iro 
manganese sulphate and manganese dioxide caused strong chlorosis, and Sever 
depression in growth. This chlorosis was overcome when the leaves were dippe: 
in a solution of iron salts, or the amount of iron in the nutrient solution wa 
excessively inereased’’ (Johnson, loc. cit.). 

These statements are not supported by results obtained by the present 
author, nor by many earlier workers, as noted in the introduction to this paper. 

From the experimental work reported in this paper it is shown: 

1. Manganese does not depress iron assimilation. 

2. Without manganese iron assimilation is normal, but growth ceases after 
five to seven weeks. 

3. When nearly normal growth has been obtained in pots it has been shown 
that : 

(a) Manganese has been added to the nutrient mixture in sueh an 
amount as to be approximately equal to that present in a water 
soluble form in a normal soil; 

(b) Tron assimilation is not depressed ; 

(¢) Phosphorus was slightly higher in the ash, as was also ealeium. 

Thus the present author is of the opinion that the experiments have demon- 
strated clearly that manganese is most essential for plant growth. The beneficial 





action of this element may be due to: 

(a) Manganese itself, as in plants above the average normal growth pro- 
duced in plants grown in soil, a slight increase of manganese in the ash of the 
plant was observed. 

(b) Inereased phosphorus and ealeium absorption. though it was observed 
that an increase in phosphorus and calcium absorption without an optimum 
manganese concentration, was not beneficial to the plants. 

The only explanation for the cessation of growth in those plants not 
receiving manganese would appear to be that for the first few weeks the man- 
ganese naturally present in the seeds was sufficient to promote healthy and 
normal growth. When this becomes exhausted the plant either dies or remains 





stationary, becoming a dwarf, while the other plants receiving added manganese 
can draw upon it, and so continue growth to maturity. 

The lack of manganese also manifested itself in a peeuliar manner. The 
leaves of the plants receiving no manganese after the first few weeks began to 
show yellow spots on the new leaves, which gradually became more pronounced 
as the leaf opened. Thus the absence of manganese was reflected in the inability 
of the plant to synthesize chlorophyll, which in its turn shows an association 
with carbon assimilation. 

A similar effect was noted in the leaves of the plants receiving an excess 


of manganese, indicating a toxie action. This toxicity is not surprising, as it 
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has been advanced by Guthrie and Cohen (16) to explain the failure of grass 
to grow on a patch of soil in an otherwise perfect bowling lawn. The soil on 
examination showed an abnormally high manganese content. 

That calcium has a decided anti-toxicity towards manganese in excess is 
shown by the fact that when it was added to the nutrient mixture growth was 
obtained in a concentration of manganese as high as 50 parts per million. 

The possible association of manganese with carbon assimilation has already 
heen mentioned. This point is strengthened by the fact that plants grewn in 
the presence of optimum manganese concentration had a higher dry weight than 
those without manganese. 

The association of manganese with chlorophyll formation is new. The 
leaves of the plant contain a very high concentration of manganese; lack of 
manganese results in loss of chlorophyll, which in turn results in loss of carbon 
assimilation. 

The data presented in the tables of ash analyses show that when manganese 
is present there is a variation in the ratio of elements absorbed by the plant. 
Thus it is shown that in every instance manganese is absorbed from mangan- 
iferous media. There are also marked differences in the calcium absorption, and 
in that of magnesium and phosphorus. In many instances an increase in caleium 
was found in the plants treated with manganese, which agrees with the findings 
of Kelley (23). At variance with this author’s results, however, is the fact that 
the present author has shown that there is a decided decrease in the magnesium 
absorption when manganese is present in amounts sufficient to be toxie. 

In all the experiments it was noted that with optimum manganese concen- 
tration there was an increase in the calcium absorbed and a decrease in the 
phosphorus, while the magnesium remained either constant or was slightly 
decreased in amount. In all the experiments where manganese was added to 
the plants a rearrangement of the inorganic constituents was observed. 

Loew and Sawa (24) state that ‘‘manganese in moderate quantity exerts 
an injurious action on plants in bleaching out the chlorophyll. Manganese 
exerts a further promoting action on the development still observable in high 
dilution, while the injurious effects disappear under these conditions.’’ The 
authors do not mention that chlorophyll is also bleached when there is no man- 
ganese present to assist the growth of the plant. 

The authors do advance a theory regarding the function of magnesium in 
the growth of plants, stating that it is a carrier of phosphoric acid. If this 
theory is accepted, there is at once an explanation of the behaviour of manganese 
in assisting plant growth. 

Thus, magnesium phosphate is more easily hydrolyzed than calcium phos- 
phate, and an excess of magnesium in the plant would prevent the precipitation 
of ealeium phosphate. When increased amounts of calcium are introduced into 
the plant system, calcium phosphate would be precipitated. Treatment of the 
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plant with manganese has been shown by the present author to result in : 
inerease of calcium assimilation, and thus we have a possible explanation of t! 
action of manganese. 
Thus the action of manganese may be twofold in nature: 
(1) As an activator, increasing the rate of oxidation in the plant, a 
shown by Bertrand; and 
(2) As modifying the absorption of elements by the plant, leading 
in particular to an increase in the amount of calcium absorbed. 


The bleaching effect of excess of manganese on chlorophyll may possibly |» 


explained by the redueed magnesium absorption which takes place, as we have 
shown, when there is an excess of manganese present. 

Willstatter and Stoll have proved that magnesium is an integral part of th: 
chlorophyll molecule, and that no other metal ean replace it. Thus a deficiency 
of magnesium in the plant could conceivably lead to a lack of chlorophyll. 


SUMMARY. 


1. The persistent occurrence of manganese in the Euealypts is shown by 
analyses of the ashes of different trees. 

2. Localization of manganese in the Euealypts and other plants is proved 
from ash analyses of different parts of the plants. Because of the high concen- 
tration of manganese in those parts of the plant where there is most intense 
chemical change, it is suggested that manganese is essential for plant metabolism. 

3. It is shown by several carefully controlled plant growth experiments 
that: 

(a) Manganese is essential for plant development. 

(b) The concentration of the manganese has to be carefully limited to 
obtain beneficial results. 
The effect of manganese is not due to reduced iron absorption by 
the plant. 
There is some relation between manganese and chlorophyll forma- 
tion, and hence with carbon assimilation in plants. 
Calcium definitely counteracts the toxicity of high manganese 
concentrations. 

In conclusion, the author’s thanks are due to Professor Fawsitt for sug 
gesting this work, and for his many helpful suggestions and active interest 
during its progress; also to the Directors of the Central Research Laboratories, 
Limited, of Sydney, for their permission to publish this work; and in particular 


to R. C. Dixson, Esq., for suggestions and much encouragement. 








16. 





w bo 


_ 


Aso, K.: Bul. 


Baker and Smith: 


Bartmann, M 


Bernadini, L.: 
Bertrand, G.: 


Bertrand, G.: 


Bertrand, G.: 
Bertrand, G.: 


pp. 266-269; 121 (1895), 


MANGANESE IN PLANTS 


REFERENCES. 


Col. 


, Bet 


Staz. Sper. Agr., Italy, 43, No. 3 


Rey. de. Chemi., 8 (1905), p. 205. 


Compt. Rend 
Compt. Rend 
Compt. Rend 


(1921), pp. 333-336. 


Birner and Lueanus: Landw. Vers. Stat., 8 (1866), 
Bocher, H].: Science of Agr 
Brenchley, W. E. 
Brenchley, W. E. 
Brown, P. E. 


( Miss ) 
(Miss 
and Miges, ¢ 


(1916), p. 1. 
Deatrick, E. P.: Cornell Agr. Expt. Stat. Memoir, No. 19 (1919), p. : 
Funchess, M. J.: Alabama Agr. Expt. Stat. Bul., No. 201 (1918), p. : 
Guthrie and Cohen: Agr. Gaz., N.S.W., 21 (1910), p. 219. 


Hall, A. D.: Ann. Rpts. Prog. Chem. (Lond.), 


Aead. Sei. T 
. Acad. Sei. T 


. Aead. Sei. T. 


pp. 166-168 


Review, 13 


ed 


., 124, No. 19 (1897), p. 1032. 
., 141, No. 26 (1905), p. 1255. 

98 (1884), p. 1132; 120 (1895), 
(1897), 


- 124 


(1922). 


p. 


Agr., Tokio, 5, No. 2 (1902), pp. 177-185. 
Researches on the Eucalypts (Sydney, 1902). 
Journ. Soe. Nat. Hort. Fr., ser 5, 9 (1910), p. 530. 
(1910), pp. 217-240. 


pp. 1855-1358 ; 


128. 


4 (1907), p. 271. 


Jardin and Anstrue: Journ. Phar. Chem., ser. 7 (1913), p. 155. 


Johnson, M. O.: Hawaii Agr. Expt. Stat. Bul., No. 52 (1924). 


Katayama, T 
Kelley, W. P 
Kelley, W. P 
Kelley, W. P 


Loew and Sawa: Bul. Col. Agr., Tokio, | 
MeCool, M. M.: Cornell Agr. Expt. Stat. 


.: Bul. Col. Agr., Tokio, Imp. Univ. Japan, 7 (1906), p. 


.: Hawaii Agr 


. Expt. Stat 


Bul., No. 23 


(1909), 


p. 14. 


.: Jorn. Ind. and Eng. Chem., 1, No. 8 (1909), p. 533. 


.: Hawaii Agr. Expt. Stat. Bul., No. 26 (1912). 
‘niv. Japan, 5, No. 2 (1903), p. 161. 
Memoir, No. 2 (1913), pp. 113-216. 


Maumené: Compt. Rend. Acad. Sei. T.. 98 (1884), p. 1416. 


Pichard : Compt. Rend. Aead. Sei. T., 


») 


6 (1898 


), p. 1822. 


Pugliese: Atti. R. Inst. Inciragg. Napoli, 65, ser 6 (1913), p. 289. 


Sachs, J.: Hand. der exper. physiol. der pflazen (Leipzig, 1865). 
Salomone : Staz. Sper. Agr. Italy, 40, No. 2 (1907), p. 97. 
Schroeder ; Jahrb. Agr. Chem., 21 (1878), p. 110. 

Schroeder: Tharand. Forstl. Jahrb. (1878), p. 97. 


Skinner and Sullivan: U.S. Dept. Agr. Bul., No. 42 (1914), 
Tottingham and Beck: Plant World, 19, No. 1 (1916), pp. 359-37 
(1871), pp. 69-75, 218-222. 


Wileox and Kelley: Hawaii Agr. Expt. Stat. Bul., No. 28 (1912), p. 20. 


Wagener: 


Landw. Vers 


Stat., 13 





173 


: Inorganie Plant Poisons and Stimulants (1915). 
: Ann. Bot. (Lond.), 24, No. 95 (1910), p. 571. 
lowa Agr. Expt. Stat. Res. Bul., No. 35 


91. 




















STUDIES ON THE BEHAVIOUR OF MITOCHONDRIA 
WITHIN THE LIVING CELL 


by 
E. S. HORNING 
(Department of Zoology, University of Melbourne). 
(Submitted for publication 7th April, 1928.) 


INTRODUCTION. 


Recently the presence of mitochondria in and about the food vacuoles of 
many types of protozoa has attracted the attention of cytologists (3, 7). It is 
the object of this paper to record a series of observations upon the behaviour 
of these protoplasmic inclusions, especially towards the food vacuoles in the 
living cell, as shown by a dark ground illumination. 

As mitochondria have apparently only been reported in the food vacuoles 
of fixed preparations, and therefore the manner in which these bodies come to 
be included in the vacuoles is apparently unknown, I have considered the subject 


deserving of further investigation. 


MATERIAL AND METHODS. 


Heterotricha infusorians were selected owing to their large size, which 
makes them very suitable for handling and observing under the microscope. 
These organisms were obtained from pond water, and afterwards transferred 
to a culture solution containing 10 parts egg albumin, 1 part sodium chloride, 
and 130 parts distilled water, in order to starve them and render them more 
suitable for observations, and were then kept as laboratory stock. 

Several of these Heterotrichas were then isolated from the rest with the aid 
of binoculars on to a separate slide, and fed with red blood corpuscles in order 
{0 observe later the manner in which the food vacuoles are formed. Immediately 
after feeding these organisms were transferred to a clean coverslip. In order 
to prevent the movements of these active infusorians, and make them more 
suitable for microscopical observations, the culture medium was carefully 
drained off by means of fine pipettes and blotting paper, care being taken not 
to injure the protozoa. They were then immersed in a thick drop of albuminous 
fluid, which curtailed their swift movements. 

These Heterotricha were then studied in vitro by the hanging drop method. 
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For this purpose a so-called hollow slide was employed, the coneavity of whi 
Was rimmed with vaseline by means of a camel’s hair brush, and the covers! 'p 
containing the Heterotricha in the thick albuminous fluid was then invert«:| 
over the slide in such a manner that the drop hung suspended in the holl 
space. The preparation was then ready for making observations under tly 
microscope. By adopting this method the movements of the organisms wer 
controlled, and at the same time no undue pressure was brought to bear upou 
them. 

In order to study these infusorians by means of a dark-ground illuminatio 


‘ 


the opaque dise or ‘‘stop’’ method in the condenser underneath the adjustable 
diaphragm of the microscope was employed, by this means stopping out tl 
central rays. 

If the living Heterotricha are now examined, the protoplasm of the organisms 
is clear, semi-transparent, and is seen to contain a large number of small 
spherical and rod-shaped bodies, which are highly refractive, and move irregu 
larly within the living cell. (See figures 1, 2, 3, and 4.) 

Similar granules were observed to stain a bluish green in other Hetero- 
tricha from the same culture, when treated intra vitam with a Janus green |} 
solution about 1 : 10,000. Various other tests for mitochondria were also carrie 
out. similar to those that | have already deseribed in some of my previous papers 
(5, 6, 7, 9. 10, 11). and the results show quite clearly that these refractive bodies 
seen in the living cell are true mitochondria, reacting in the same manner as 
mitochondria present in other animal and plant cells. 


OBSERVATIONS AND DISCUSSION 


(a) On the Enzymatic Nature of Mitochondria. 
In several of my previous papers (7) I have reeorded observations made 

upon fixed preparations of several types of protozoa, in which the food vacuoles 

were seen to contain rod-like bodies, which were found to be mitochondria. 

Causey (3), who has recently carried out detailed studies on the behaviour 
of mitochondria in various types of protozoa, has also observed rod-shaped 
mitochondria in and about the food vacuoles of ciliates. 

The behaviour of mitochondria within the food vacuoles of these organisms 
may be correlated with certain significant observations, which seem to demon 
strate that these bodies are enzymatie in nature. Of late Marston (14) has 
demonstrated that the behaviour of mitochondria towards the azine dye-stuits 
is exactly identical with the reactions which proteotytic enzymes undergo with 
these substances; and he is therefore led to conelude that they contain concen- 
trated within them the enzymes which bring about cell synthesis, their action 
being to build up proteins at their surface. In previous years Regaud and Mawas 
(15), among other authors, have shown that in the salivary glands the secretory 
granules arise from mitochondria, and hence have pointed out their relation to 
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enzymes. Arnold (1) and myself (5) have also shown that the zymogen 
vranules in the pancreas arise from the filamentous mitochondria, and are 
secreted into the acinar ducts, where they eventually become dissolved. Later 
my own observations on ciliates, as well as those of Causey (3), show that the 
filamentous mitochondria come into contact with the food particles within the 


food vacuoles, and apparently bring about disintegration of the food. There- 
fore the manner in which these mitochondrial bodies come to be ineluded, 
together with the food in the vacuoles, and also their behaviour within these 


vacuoles, is worthy of a more detailed study within the living cell itself. 


b) On the Behaviour of Mitochondria within the Living Cell. 

The cytoplasm of Heterotricha shows up clear and transparent by aid of 
the technique already described. Numerous small, rod-like, and highly refrae- 
tive bodies (the mitochondria) can be seen undergoing active Brownian move- 
ments within the living cell. In living amoebae I have also observed mito- 
chondria in the streaming protoplasm exhibiting similar Brownian movements ; 
while other authors, among whom are M. R. and W. IL. Lewis (13), have studied 
initochondria under similar conditions in cells grown in tissue culture. Recently 
Strangeways and Canti (17) carried out an investigation upon the behaviour 
of mitochondria in the living cell (x vifro, as shown by a dark-ground illumina- 
tion. They deseribed how the mitochondria undergo ‘‘a slow, writhing, snake- 
like movement’’ within the cytoplasm of the living cells. 

During my previous studies on living amoebae [ occasionally observed 
initochondria in the spherical condition, lving close together, suddenly fuse with 
one another, resulting in the formation of a larger droplet. This effect has also 
been observed frequently in the protoplasm of the living organisms under 
discussion. Strangeways and Canti also report a similar phenomenon. The 
fusion of these bodies is probably a surface tension effect, similar to the fusion 
of oil droplets, that are to be observed in any suspension of oil in water, and it 
does not seem likely that any physiological function can be attached to it. 

A closer examination of the living cell sometimes shows individual mito- 
chondria coming to rest and then undergoing a simple binary fission, resulting 
in the formation of two spherical bodies, which later in their turn elongate, and 
give rise to the original rod-like body. 

A more general observation of the arrangement of the cell mitochondria 
will reveal the fact that these bodies are more or less irregularly scattered 
throughout the protoplasm, but denser aggregrations occur quite close to and in 
intimate contact with the outer surface of the nuclear membrane, and also in 
the vicinity of the food vacuoles. (See figures 1, 2, 3, and 4.) 

This distribution is also seen very clearly in fixed preparations of both 
protozoan and metozoan tissue, the mitochondria appearing to come into such 
close contact with the outer surface of the nucleus that some authors (4) have 
been led to believe that these granules are actually traceable through the nuclear 
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membrane. These dense granular accumulations of mitochondria in the living 
cell may be seen as highly refractive masses surrounding the meganucleus and 
vacuolar membrane, and occasionally may be observed to migrate slowly around 
the outer surface of the nucleus, as well as in the vicinity of the food vacuoles. 
(See figures 1, 2, 3, and 4.) When dealing with this peculiar distribution in a 
previous paper (10), | have pointed out that these aggregations of mitochondria 
around the nucleus and food vacuoles in other cells may possibly be a surface 
tension phenomenon, which is apparently dependent upon their phosphatidal 
nature. 

In an earlier portion of this paper the method was described by which these 
starved organisms were fed with red blood corpuscles, which were chosen for 
the purposes of feeding because the outline and structure of these cells are very 
clearly shown up by the technique already described. These blood cells were 
readily engulfed and taken into the cytoplasm of the starving Heterotrichan. 
The foreign engulfed particle, which now comes to lie in direct contact with the 
naked protoplasm, was not observed at this stage to be separated from it by any 
visible vacuole (see figure 1). The manner in which food particles are engulfed 
is of special interest, as it has been stated by various authors (3) that the 
majority of protozoa which ingest solid particles take in at the same time a 
small drop of water, which later forms what is termed a ‘‘gastrie vacuole’’ 
around the engulfed food. Calkins (3) holds that Paramoecium caudatum, 
when eaten by Didinium nasutum, lies in elose contact with the protoplasm of 
its captor, and that no visible intake of water or gastric vacuole can in this case 
be detected. This investigator is inclined to believe that when large food 

‘ particles are engulfed, such as in the example quoted above, no detectable intake 
of water occurs, and the ingested particle comes to lie in contact with the proto- 
plasm. My own observations on both amoebae and heterotricha are in accord 
with this. 

The observation of food lying in direct contact with the naked protoplasm, 





DESCRIPTION OF PLATE. 

Drawings of a living Heterotrichan, as shown, by a dark ground illumination, taken at 
intervals of 28 minutes; demonstrating the arrangement and behaviour of mitochondria, and 
their relation to the process of digestion. 

Fig. 1. Numerous rod-shaped and spherical mitochondria are seen scattered throughout 
the protoplasm of the heterotrichan. 

Note denser aggregations of mitochondria around the outer surface of the meganucleus 
and vacuolar membranes. Micronucleus not visible. A red blood corpuscle has been engulfed 
by the organism, and is seen lying in the naked cytoplasm; several mitochondria are seen 
adhering to it. 

Fig. 2. Drawing of the same. A vacuole has formed around the ingested particle. 
together with the adhering mitochondria. One of the mitochondria within the vacuole has 
become spherical. 

Fig. 3 and 4. Drawings of the same. Both the mitochondria adhering to the ingested 
food particle in the vacuole have become spherical. The engulfed corpuscle has diminished 
in size. 
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only subsequently forming a vacuole surrounding it, contrasted with the oceur- 
renee of ingested food which from the very beginning is believed to have lain 
within the gastrie vacuole, is of considerable importance from the point of view 
of the mechanism of absorption by engulfing the food by unicellular organisms. 

Food which from the very beginning is in direet contact with the naked 
protoplasm had apparently been engulfed in accordance with the simple surface 
tension scheme of Rhumbler (16). On the other hand, food which from the 
beginning lies within the gastric vacuole (the vacuole being portion of the sur- 
rounding medium) cannot have been engulfed in this way, and it will be neces- 
sary to invoke the mechanism of engulfing by pseudopodia upheld by Jennings 
(12). The significance of this problem, from the present point of view, is that 
[ have been unable te obtain any evidence that mitochondria are actually able 
to penetrate into the vacuoles; so far as | have been able to ascertain, their 
occurrence within the food vacuoles is due to the vacuole being formed around 
them after they have adhered to the prey, in the following manner: 

As the engulfed blood corpuscles are carried about by protoplasmic currents, 
they eventually come in contact with and adhere to the mitochondria which are 
scattered throughout the protoplasm, (See figure 1.) This adherence of mito- 
chondria to the engulfed food may also be a surface tension phenomenon, inter- 
preted in the light of the phosphatidal nature of these granules. 

During previous observations on living amoebae (8), | have actually been 
able to see a mitochondrium carried to the engulfed organism by a protoplasmic 
stream, and have then observed the adherence of the mitochondria to the food. 
After several mitochondria have come in contact with the surface of the cor- 
puscle ingested by the organism, a vacuole was gradually secreted around the 
engulfed particle, together with the adhering mitochondria. (See figure 2.) 
The vacuole appeared to move slowly about within the cytoplasm of the 
infusorian. In about half an hour a number of mitochondria appeared to 
accumulate around the vacuolar membrane. Continuous observation for nearly 
two hours showed that no mitochondria passed into the interior of the food 
vacuole once this had been formed. In both amoebae and heterotricha I have 
observed that the mitochondria in the protoplasm undergo marked Brownian 
movements close against the wall of the vacuole, but on no oecasion was I able 
to see the mitochondria pass through the membrane of the vacuole. 

These observations seem to show that the presence of mitochondria within 
the interior of the food vacuoles is due to their adhesion to the engulfed food 
particle prior to the formation of the vacuole. Previous studies on amoebae (8) 
have shown that the food particles gradually dissolve in the liquid contents of 
the vacuoles, and the same phenomenon may be seen occurring in figure 4. 
Since mitochondria are believed to be of an enzymatie nature, it is therefore 
coneluded that the presence of these bodies within the interior of the food 
vacuoles brings about the digestion of the food. This is regarded as a direct 
demonstration of the origin of digestive enzymes from mitochondria. 

















E. S. HORNING 
SUMMARY. 


1. Observations have been made upon the behaviour of mitochondria in 
living cell, as shown by a dark ground illumination. 

2. The mitochondria are seattered irregularly throughout the protoplasin 
ot Heterotricha, where they are observed to be undergoing active Brownian 
movements. Denser aggregations of mitochondria were to be seen in the region 
of the meganueleus and the food vacuoles. This effect may be due to a surface 
tension phenomenon, dependent upon their phosphatidal nature. 

3. Mitochondria were also observed within the food vacuoles of the living 
organisms; their presence is due to an adhesion to the engulfed food circulating 
within the protoplasm of the living cell. Finally a vacuole is seereted around 
the food, together with its adhering mitochondria. They appear to be unable 
to penetrate the vacuolar membrane. The presence of mitochondria within the 
food vacuoles of Heterotricha is regarded as a direct demonstration of the origin 


of digestive enzymes from mitochondria. 
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Experimental Methods. 


During the past three years experiments have been conducted in this 
laboratory upon the growth and maintenance of white mice fed upon synthetic 
diets. During the course of these experiments more than one hundred animals 
were fed upon different synthetic diets. 

The experimental mice were kept in shallow earthenware dishes upon a 
layer of sawdust. Boiled tap-water was supplied to them by the drop-tube 
method, the tube being suspended horizontally from the wire gauze lid used to 
cover the dish. The sawdust was renewed once or twice a week. From one to 
five mice were kept in a single dish. They were fed once a day, and weighed 
once a week in the morning before feeding. 

During a part of the life of certain animals the weight of food consumed 
per day, and of faeces excreted per week by individual animals, were deter- 
mined. During these periods absorbent paper held down by wire gauze was 
used to cover the bottoms of the dishes. In this way the faeces and any food 
kicked out of the feeding-pans could be recovered and weighed. 

As controls thirty-six male and thirty-six female mice were used, whose life 
periods coincided approximately with those of the experimental animals. The 
diet of all the controls consisted of polished rice cooked in milk, boiled maize, 
and 1 cubic centimetre of mixed white and volk of egg raw, daily, per mouse. 

A diet almost identical with this, in which hard-boiled egg, administered 
twice a week, took the place of raw egg given daily, and which included ocea- 
sionally a few sunflower seeds, will be called Control Diet 2. 

Of all the synthetic diets investigated the most successful for growth and 
subsequent maintenance was Diet 13, which was made up as follows: 





1 The expenses of this investigation were defrayed by the Animal Products Research 
Foundation of the University of Adelaide, South Australia, 
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Casein .. oe oe ae a ee ee os = 18 parts 
Dextrinized Arrowroot Starch Sis ai i — 46 inn 
Cane Sugar na in 15 


Butter Fat (prepared by melting butter ut a low temper iture 


and centrifuging) 8 ‘i 

Lard 7 ” 

Salt Mixture (Osborne ‘é Mendel (4)) 4 ” 

Agur a as ae $6 . 
100-98 parts 

Moist Compressed Yeast, containing 75% water ae “F 15 ” 


This yeast was a top yeast prepared by Nyecander & Co., of Melbourne, for 
use in baking, and had the following composition : 


Dry Substance. 


Protein (making total protein in the diet 20%) .. nth tg 52.41% 
Ether Extractive ee bi a i ais os 7 1.72% 
Glycogen .. se x a i a‘ on oie — 30.25% 
Cellulose, Gum, ete. a <- a rr ~ is ofa 6.88% 
Ash a ea aa oe - se ait nn net 8.74% 


The above analysis was furnished by Nycander & Co., to whom I desire to 
express my indebtedness. 

The dried weight of yeast in the diet was 3-75 grammes to every 98-100 
crammes of the other constituents. 

In order to make a homogeneous mixture of all the ingredients of the diet, 
the casein, sugar, salts, fat, and agar (if present) were mixed together first; the 
moist yeast was then thoroughly mixed with them, and lastly the dextrinized 
arrowroot was added and evenly incorporated into the diet. If the dextrine 
were added to the mixture before the yeast it became impossible to ensure the 
even distribution of the latter throughout the diet, because, owing to the 
moisture it contained and to the presence of dextrine in the food, it tended 
form small sticky lumps coated with the other constituents of the food mixture. 

The agar was omitted from the diet three and a half months after the first 
mice were fed upon it, since it was found that the dried weight of faeces still 
constituted about 10-12'% of the dried weight of food administered when the dict 
contained no agar. 


Growth and Maintenance of Male Mice on Diet 13. 


On this diet male white mice have shown as good growth as the contro! 
animals, and their life duration has fallen within normal limits. 

In charts 1 to 5 the individual growth curves of all the male mice whieh 
were fed upon this diet from the age of four to six weeks are compared with 
the growth curve vielded by the average weights of thirty-six corresponding 
control animals. 

Chart 1 is self-explanatory. 

Chart 2 shows the growth curves of five male animals, the offspring of mice 
which had themselves been fed upon diet 13 from an early age. Below the chart 
a more detailed account of the parents of these animals is given. 
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One would expect any deficiency in the food to show up more definitely in 
the second generation, and the good growth achieved and maintained by these 
animals testifies to the adequacy of the diet for growth and maintenance. 

No attempt has been made to show that it is adequate for reproduction and 
rearing of young in normal numbers. Indeed, only six female animals in the 
lirst generation were given the opportunity to breed and only one in the second. 
This animal, at the age of 13 weeks, gave birth to a litter of three, of which 
one only, No. 48, chart 3, was reared. This mouse attained a greater weight 
than any other of the animals fed on a synthetic diet. 

In chart 4 the growth-curves of four male mice are shown. At the age of 
16-47 weeks control diet 2 was substituted for diet 13. The facet that the weight 
of the animals remained the same after twelve weeks on this natural diet is 
evidence of the adequacy of diet 183 for growth and maintenance. 

These results do not correspond with the findings of Beard (1), who says 
that 31% protein and 7‘¢ salt mixture are necessary for the optimum growth 
of white mice. Morgan (3), on the other hand, obtained good growth over a 
period of eighty-four days when mice were fed upon a diet containing only 18% 
protein and 4% salt mixture. 

During the course of the investigation four of these animals, viz., No. 46, 
chart 2, and Nos. 1, 3, and 43, chart 3, developed an unhealthy condition of the 
skin which could neither be diagnosed nor cured. The fact that a number of 
the other animals in the laboratory were affected in the same way at the same 
{ime seems to indicate that the diet was not responsible. No. 43 was given extra 
yeast, and finally fed upon a natural instead of a synthetic diet, without effecting 
any improvement in its condition. 

Of these four animals No. 1 had to be killed, Nos. 3 and 46 died as a result 
of treating the skin with a solution of resorcinol, and No. 43 died at the age of 
110 weeks of chronic nephritis. 

Whatever was the original cause of the condition, it was aggravated and 
healing prevented by the fact that the mice continually bit and seratched the 
irritable areas of the skin. 

During certain weeks of the lives of some of these animals the weights of 
food consumed and of faeces excreted were determined, and the calories assimi- 
calories 


lated per day were calculated. The factor———— was then estimated. The 
weight § 
results obtained may be found in Tables 1 and 2, and for females in Table 3. 


calories 


Compared with the value for the faetor- obtained by Beard (1), the 


weight 3 
figure for young animals growing on diet 13 is high. 
The percentage of yeast in this diet (3-7 dried weight) is comparatively 
low, and I believe that the high calorific intake was necessary to supply sufficient 
veast for vigorous growth. The amount of yeast actually ingested has been 
calculated for the periods when the food intake was being measured. 
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Osborne and Mendel (5) point out the advantage of administering t! 
source of B vitamin to animals separately from the rest of the food. In diet 1 
the yeast is incorporated in the food mixture, and for this reason it cannot 
regarded as an ideal diet. If for any reason the appetite of an animal fails | 
must be deprived, not only of calories, but of vitamin B, and deprival of vitami: 
B has itself a deleterious effect upon appetite. This state of affairs may 
ultimately lead to the death of an animal from combined starvation and vitamin 
B deficiency. 

The fluctuating character of some of the growth-curves may be due 1 
fluctuations in the vitamin content of the diet. Butter fat is known to vary i) 
its vitamin A content, and it is conceivable that yeast may vary in its vitamin 
B content. 

The cause of one such decline in the nutritive value of the dietary which. 
to a greater or less degree, affected a number of the animals being fed on 
synthetic diets at one time, was particularly sought for. 

I now believe it to have been due to a temporary decline in the vitamin .\ 
content of the butter fat, since five male animals, to be referred to hereafter 
received no benefit from increasing the amount of dried Nyecander veast in their 
diet from 4% to 5%, and subsequently to 6%. After a time the majority of 
the mice which had lost weight recovered it without any alteration in their diet 

Three female animals on diet 13, Nos. 41, 48. and 49, showed a remarkable 
recovery of weight when their diet was supplemented by the addition to it of 
0-1 gramme dried yeast on six days of the week. This at first led me to 
attribute the previous failure in the diet to the veast, but I now believe that it 
was the butter fat which was at fault, since (1) the spontaneous recovery of the 
majority of the animals took place at the same time as or within a week or two 
of the feeding of yeast to these mice, and (2) the effect of the yeast may have 
been due to the fact that it increased the appetite of the animals receiving it. 
and enabled them to benefit from the now adequate amount of vitamin A in 
the diet. 

A decline in weight of this nature, whether due primarily to a decline in 
the vitamin A or B content of the dietary, will lead to a falling off in food 
consumption and vitamin B intake. This wii deleteriously affect appetite, 
leading to a still further decline in food and vitamin intake, appetite, and 
weight. 





A recovery in the vitamin content of the dietary may therefore be of no 
benefit to an animal which has been deprived of appetite, so that a temporary 
diminution in the amount of a vitamin in the diet may cause a permanent and 
fatal decline in weight. 

The nutritive failure of mice Nos. 2, 6, and 51 in chart 5 may be explained 
in this way. Mouse No. 6, which was the first to lose weight, was then over 30 
weeks old, and had the experiment been abandoned at that time, as is so often 
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the case in vitamin investigations, it would have been regarded as affording a 
completely satisfactory example of growth attained upon a synthetic diet. 


Growth and Maintenance of Female Mice on Met 13. 

Diet 13 is less satisfactory for the growth of female white mice than that 
of males. 

Chart 6 shows the growth-curves of five female animals fed upon diet 13 
from the age of 4 to 6 weeks, as compared with the growth-curve yielded by the 
average weights of the thirty-six corresponding control mice. At an age vary- 
ing between 44 and 48 weeks for the different animals, control diet 2 was 
substituted for diet 13. Six weeks later mouse No. 55 died, but the other four 
animals inereased in weight. and after 15 weeks on this natural diet, when the 
mice had ceased growing, the average inerease in weight was 5.4 grammes. 
These results may be contrasted with those obtained for male mice (see chart 4). 

The diet of two of the animals represented on chart 6 was supplemented 
with extra fat soluble D vitamin in the form of 0-5% ‘‘Ostelin,”’ the unsaponi- 
fiable fraction of cod liver oil manufactured by the ‘‘Glaxo’’ laboratories, 


¢ 


London, and approximately equivalent to 7-5 eod liver oil, and an additional 





2% salt mixture, but their growth-curves do not differ from those of the three 
animals in whose diet no such change was made. In the ease of five other female 
mice the protein in the diet was increased by 10% without improving their 
growth. The addition of ‘‘Ostelin’’ was based upon the idea that it would serve 
as an additional source of vitamin A as well as of vitamin D in tie diet. 
Subsequently, through the kindness of Sir Charles Martin, I have ascertained 
that ‘‘Ostelin’’ contains no vitamin A, but only vitamin D. 

We may therefore conclude that the superior growth attained by female 
mice fed upon a natural diet, as compared with that on diet 13, is not due to 
the content of the former in salts, protein, or vitamin D. 

The female mice show a greater tendency than the males to exhibit the type 
of nutritive failure shown by the male mice Nos. 2, 6, and 51 in ehart 5. As 
pointed out before, this type of failure is more liable to oceur when the source 





of B vitamin is incorporated in the diet. 

On chart 7 two typical female growth-curves are shown. These two animals, 
Nos. 47 and 48, were second generation animals; that is to say, they were the 
offspring of mice which were themselves fed upon diet 13 from an early age. 
At the age of 15 weeks they both underwent a decline in weight, from which 
No. 47 recovered spontaneously, thereafter showing a normal curve for growth 
and maintenance, until, at the age of 91 weeks, it suddenly lost weight, and 
showed the wheeling movements and unsteady gait characteristic of animals 
suffering from a deficiency of B vitamin. On administering 0-1 gramme of 


dried yeast on each of six days of the weeks to the animal its recovery was rapid. 
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A fortnight afterwards, as no more synthetie diets were being prepared in t! 
laboratory, control diet 2 was substituted for diet 13 and yeast. 

The diet of mouse No. 48 at the age of 17 weeks was supplemented by t! 
addition to it of 0-1 gramme of dried yeast on six days a week. Thereafter its 
growth-curve resembled that of mouse No. 47, except that it did not show an 
nutritive failure late in life. Since it was originally a smaller animal tha) 
No. 47, and at maturity attained the same weight, it probably represents mor 
sueecessful growth. 


Marmite as the Source of B Vitamin. 


Diet 14 had the following composition : 


Casein .. bie sie - os suis ah oe ee 18 parts 
Dextrinized Arrowroot Starch se ges a a sa 46 

Cane Sugar hae ee oe oe ie a - < 15 - 
Clarified Butter Fat .. bie ae “ ae is ae 8 ~ 
Lard a “Ue a e ea me um 5a 7 ins 
Salt Mixture... 6 “T a oa ns a “ 4 na 
Agar 20 ,, 


100-98 parts 
Marmite a oe ae is as i e “s 5 


” 


Marmite was mixed into the diet instead of moist veast, as in diet 13. 

In chart 8A the growth-curves of four male mice which were fed upon 
diet 14 from the age of 5 (or 6) weeks are shown. 

At the age of 10 (or 11) weeks all four animals were losing weight. At 
this point 0-1 gramme of dried yeast was given to each animal on six days a 
week. They all immediately gained weight. Eight weeks later the practice of 
giving yeast was discontinued, and they all lost weight. No. 37 died. At the 
points indicated in the chart by arrows, yeast was readmitted to the dietary and 
marmite was removed. The feeding of yeast caused an immediate resumption 
of growth, and the omission of marmite from the diet seemed to produce no 
immediate effect. 

At the point shown by the arrows the amount of dried yeast was increased 
to 1 gramme per week. It is possible that this would not have been necessary 
if the marmite had been left in the diet. 

These animals show that a diet containing 5% marmite as the only source 
of B vitamin is not adequate for growth or even maintenance of male white mice. 

In chart 8B the growth-curves of five other male mice which were fed upon 
diet 14 are shown. Three of them died. The other two, after a short period 
of growth, declined in weight, but when the percentage of marmite was increased 
from 5% to 6% they showed good growth. 

In chart 8C the results obtained with female mice are shown graphically. 
After six weeks on the diet No. 99 died. The growth-curves of the other four 
animals were sufficiently alike to permit of their weights being averaged and 
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expressed in a single growth-curve. Between the seventh and eleventh weeks 
of life the average weight of these four animals on diet 14 increased by half a 
gramme only. At this point the marmite in the diet was increased to 6%, and 
caused fairly good growth. 

The slackening of the rate of growth which oceurred on substituting a 
natural diet for diet 14 is certainly accidental and temporary. The animals, 
however, were not weighed after this point. 

A diet in which 5% marmite replaces the yeast will not permit of growth 
or even maintenance of white mice. It is probable that if 6% be incorporated 
in the diet growth will be obtained. 


Feeding Experiments with Harris Vitamin. 

In the case of certain animals the source of vitamin B in the diet was 
Harris yeast vitamin, obtained from the Harris Laboratories, New York. This 
veast concentrate is of such a strength that ‘15 to 30 milligrammes daily will 
supply the necessary amount of vitamin B per white rat.’’ It was thought that 
this standardized yeast preparation would be a more reliable source of B vitamin 
than the local veast of possibly varying vitamin content. The mice would not 
eat the dry powder, so it was made up into jellies and fed to them. From 
$-12% Harris vitamin was mixed into a warm 2% agar solution, which was 
then poured into a small rectangular mould. When the jelly had set it was cut 
into small rectangular blocks of equal size, each containing 40 milligrammes of 
Harris vitamin. Four male mice were selected to receive the jellies. They had 
been receiving diet 12, in which dried yeast to the amount of 1 gramme per 
week was fed in daily doses to the animals, separately from the rest of the food. 
The Harris vitamin was used to replace the yeast, in the hope that the condition 
of the animals would improve. Two of the animals did not eat any of it, and 
in eleven days they had lost 45 grammes and 6 grammes in weight respectively. 
A third ate it on two days only, lost 3 grammes in weight, and died. The fourth 
animal, however, ate the whole of the vitamin jelly given to it during a fortnight, 
and nevertheless lost 6 grammes in weight. 

Thereupon the Harris vitamin in the diet was replaced by yeast. 

Following upon this experiment diet 20 was made up as follows: 


Casein .. is * ‘a a da +s re a 18 parts 
Dextrinized Arrowroot Starch - ‘tn ik ae oa 46 - 
Cane Sugar ox - a ome me" ae oe 15 fe 
Salts F ie 4 ee 
Clarified Butter Fat 8 “ 
Lard , - 7 a 
Harris Vitamin 2 


100 parts 
This diet was fed to ten young animals (five males and five females) between 
29 and 43 days old. Between the ages of 71 and 103 days all the male and four 
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of the female mice died. The maximum weight attained by any of them was 
18 grammes. The average maximum was 12:6 grammes. 

The growth-curve of the female animal which did not die is shown in 
chart 9B. At an age of 12 weeks, and after 7 weeks upon the diet, it had 
struggled up to a maximum weight of 15-5 grammes, but it subsequently los 
weight, falling to 10 grammes at the age of 16 weeks. 

At this point 5% Harris vitamin was introdueed into the drinking water, 
the amount being reduced to 1% a week later. After three weeks its weigh! 
had reached 19-5 grammes, but it sank to 13-5 grammes in the next four weeks 
On substituting a natural diet for diet 20B its weight rose to 25 grammes in 
fourteen days. 

Five more young animals were fed upon diet 20, charts 9A and 9B, but in 
addition to the Harris vitamin in the diet, Harris vitamin was introduced inio 
the drinking-water. This was diet 20B. At first a 5% solution of the vitamin 
was given to the animals to drink. Each ee. contained 50 milligrammes, an 
as the mice drank approximately 1—-2ce. of water daily, the total amount of 
vitamin obtained from the water and the food was very large. During this 
period growth was quite good, but when the vitamin in the drinking-water was 
reduced to 1% the females lost weight, one of the males lost weight. while the 
erowth of the two others was retarded. 

At this point control diet 2 was substituted for diet 20B, and four weeks 
later the experiment was discontinued. 

Enough work had been done to show that this veast concentrate, unless 
forming a comparatively high percentage of the dietary, would not permit of 
satisfactory growth in white mice. There is no advantage in using a vitamin 
concentrate when the same amount of it must be ingested as of veast itself. It 
is possible that the poteney of this preparation had diminished during the 
voyage from America to Australia. 

At the same time, since growth occurs at an approximately normal rate 
when a large enough amount of the preparation is ingested, we are not justified 


in concluding that it is devoid of some essential substance present in moist yeast. 


Feeding Experiments with Dried Yeast. 

A diet containing 4% Harris dried yeast, obtained from the Harris Labora 
tories, New York, would not permit of growth or even maintenance of weight 
of white mice. To prodnee anything like normal growth 0-2 gramme per mouse 
per day had to be given to the animals in addition to the yeast mixed into the 
food. Presumably the dried yeast had deteriorated during the voyage from 
New York. 

Nyeander dried veast was prepared in this laboratory by cutting the fresh, 
moist yeast into thin shreds, which were dried in a current of air at a tempera 
ture of approximately 45°C., and then ground to a powder. 
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Diet 15 had the same composition as diet 13, except that it contained 4% 
Nycander dried yeast instead of moist yeast. 

Of six male mice and five females which were fed upon this diet three males 
died. By increasing the amount of yeast in the food from 4% to 5% the other 
eight animals were enabled to grow, but at a slower rate than the animals of 
the same age which ‘were being fed during the same period on diet 13. On 
substituting a natural diet for this diet containing dried yeast, the weight of 
the animals increased more rapidly than it had done previously. 

The best growth on this diet was achieved by five male mice, which grew 
as rapidly as the controls and the animals on diet 13, till the age of 25-31 weeks. 
At this point they began to show the kind of nutritive failure from which mice 
Nos. 2, 6, and 51 in chart 5 were suffering. A few weeks afterwards, although 
the percentage of yeast in the diet had in the meantime been increased to 5% 
and then to 6%, one of the animals died, and two of the others showed a serious 
decline in weight. Without waiting to see whether they would recover weight 
spontaneously, all four animals were transferred from. diet 15 to diet 12. In 
this diet the yeast was administered to the animals separately from the rest of 
the food. One gramme of the dried unground shreds of yeast was given to each 
animal each week in daily doses, and was eaten with apparent relish. The mice 
slowly recovered weight. 

Diet 15 has, as a matter of fact, nothing to recommend it. It is less reliable 
than diet 13, and suffers from the same drawback, inasmuch as the yeast is 
incorporated into the food mixture. 


Effects of Administering the Yeast separately from the other constituents 
of the Det. 


It remains to describe the results obtained when the source of vitamin B, 
either in the form of moist or dried yeast, was fed to the mice apart from the 
rest of the food. Diet 12 had the same composition as diet 13, except that the 
yeast was not mixed into it, but fed separately to the animals. Of the four male 
mice referred to above, which were transferred from diet 15 to diet 12 at ages 
varying between 36 and 38 weeks, the two which had suffered the most serious 
decline in weight, after recovering most of the weight which they had lost, 
underwent a second relapse, and an attempt to improve their condition by 
substituting Harris vitamin for the dried yest they were receiving proved a 
failure. One of the animals died; the other was given diet 13, and increased 
rapidly in weight. The other two animals, after regaining their original weights 
(they had each lost 3} grammes), were maintained at approximately those 
weights throughout their lives. 

Of the three animals which were transferred from a diet containing marmite 
to diet 12, two were maintained at a weight slightly below the average weight 
of the controls till their death at the ages of 97 and 112 weeks. The third mouse 
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lost about 24 grammes in weight, which it never recovered, was not healthy in 
appearance, and died when it was 90 weeks old. 

Mice Nos. 30, 31, 32, and 33, charts 10 and 11, were fed upon diet 12 from 
the age of five or six weeks. For the first seven weeks approximately 0-1 granime 
of dried yeast was fed to each mouse on each of six days of the week. In the 
belief that moist yeast might be superior in nutritive value to dried yeast, an 
attempt was now made to administer it to the animals apart from the resi of 
the food. For the next five weeks, therefore, little cubes of moist yeast weighing 
about 0-4 grammes each, were given to the mice instead of dried yeast. They 
all lost weight because they would not eat enough of the yeast. ‘The animals 
were put back on to dried yeast, exactly 0-1 gramme being given to them on 
six days of the week. The amount was increased to 0-7 grammes a week ten 
weeks later, and subsequently to 1 gramme per week. For the first seven weeks 
on diet 12, and during the period of rapid growth which ensued on readmitting 
dried yeast to the diet, the weights of food consumed and of faeces excreted were 
determined and estimations made of calories assimilated. These results may 
be found in Table 4. 

It may be noticed that the factor ea is not as great as in the case of 

, weight §% 
mice growing upon a diet in which the yeast was mixed with the other food 
constituents, a fact which supports the view that the high calorifie intake on 
diet 13 is determined by the intake of vitamin B. 

The growth of these animals was good, and the ultimate weight they 
attained was satisfactory, but their growth-curves do not compare very favour- 
ably with those of many of the animals upon diet 13. Nor was the general 
appearance of the mice as pleasing. The period during which their vitamin B 
intake was reduced by their refusal to eat moist yeast may have deleteriously 
affected their later life. 

Mouse No. 31 suffered from the same unhealthy condition of the skin as the 
mice referred to before. An attempt to restore it to health by substituting 
Harris vitamin for the dried yeast in the diet only resulted in the animal’s 
losing 6 grammes in weight. It did not eat the vitamin jelly. 

In Tables 1, 2, and 3 the actual dried weight of veast ingested per day by 
animals being fed upon diet 13 is shown. It may be noticed that mouse No. 11, 
chart 1, while growing from 14-5 to 23 grammes in weight, was consuming 
0-13 gramme dried weight of yeast daily, and that mouse No. 12, at the age of 
about 550 days, while losing weight from 39 to 36 grammes, was also ingesting 
0-13 gramme of veast daily. It is certain that animals which were growing to 
upwards of 40 grammes in weight were consuming more veast than this. 

The maximum amount of dried yeast which was fed to animals on diet 12 
was 1 gramme per week, or 0-14 gramme per day. 


It is natural to infer that the superior growth of many of the animals fed 
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upon diet 13, when compared with that of animals upon diet 12, chart 1, was due 
to the fact that the former ingested a larger quantity of yeast. Before reaching 
this conclusion it should be remembered that growth and maintenance upon 
diet 15, in which dried yeast was mixed into the diet, was not as good as upon 
diet 13. 

For some reason a diet containing moist yeast is superior to one containing 
dried yeast, though this superiority may be due only to the greater palatability 
of the diet containing moist yeast. 


SUMMARY. 
Upon the following diet 


Casein .. e im Hs ra we oe ss - 18 parts 

Dextrinized Arrowroot Starch ae a an oe ait 46 

Cane Sugar - 

Clarified Butter Fat 

Lard 

Salts = a ~ ar i sic nis ' 

Moist Yeast, containing 75% water (corresponding to 3.7% 

dried weight of veast) .. ae a ae me ve 15 

male white mice have grown normally for three successive generations, and their 
life duration has fallen within normal limits. This diet contains 11% less 
protein and 3% less salt mixture than the synthetic diet recommended by Beard 
for white mice. 

This diet suffers from the drawback that the source of vitamin B is ineor- 
porated in the food mixture, so that any failure of appetite may give rise to 
deficient intake of vitamin B, and further consequent loss of appetite. No 
really successful method of supplying vitamin B separately from the other 
constituents of the diet could, however, be found. The animals will not eat 
moist yeast when supplied separately, and dried veast proved to be less efficient 
than moist veast in furnishing the requirements of the animals. 

This diet is less satisfactory for the growth and maintenance of female than 
of male mice, but the reason for the superior growth of females upon a natural 
diet is not to be found in the protein, salt, or Vitamin D content of the latter. 
It may reside in the superior content of vitamins A or B, or both, in the natural 


diet. A limiting factor in the synthetic diet seems to be the percentage of yeast 
which it contains. 


This diet is superior to one containing 4% of yeast dried at 45°C. before 
incorporating in the diet, or containing 2% of Harris vitamin supplemented by 
1% of Harris vitamin in the drinking-water. 

In order to obtain comparable growth upon a diet containing marmite 
instead of yeast at least 6% of marmite is necessary. 

In view of all of the experimental data obtained in this investigation it 
appears probable that a perfectly satisfactory synthetic diet for mice might be 
obtained by substituting in the above diet (diet 13) a hydrogenated vegetable 
fat and cod liver oil as the source of fat and fat soluble vitamins in the place 
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of the mixture of lard and butter fat which was actually employed. A smal 
proportion of the veast in the diet might be dried and administered to th 
animals separately in order to ensure maintenance of their appetite an 
adequate consumption of the diet. 

I am indebted to Professor Brailsford Robertson for advice and hel) 
throughout the investigation, and I would also like to thank Dr. F. MeCoy Ii! 
for having made histological examinations of the organs of many of the animal 
after death. 
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TABLE 1. 
Young Growing Male Mice on Diet 123. 
(See Chart 1.) 
Calories Cals. Dried Weight of 
Mouse Agein Weight in Average Assimilated pre” Yeast 
No. Date. Davs. Grammes, Weight * per diy. "* ingested per day. 
10 12.8.25 35 13.5 a o : 
23 9.95 we 16 ~ 6.01 10.5 1.74 0.096 grm. 
2 3:35 of mr i aba 9 
1 12.8,25 ? 14 7.05 14.1 2.0 0.13 grm. 
30.925 SS 23.0 
2 2 8.25 30 9.0 - 
12 por <8 13.0 $.95 10.0 2.0 0.092 grm. 


TABLE 2. 


Adul! Male Mice on Diet 13. 


Dried weight of 


Calories Cals. Yeast ingested 
Mouse Chart Age in Weight in Average Assimilated ; per day. 
No. No, Date. Davs. Grammes. Weight 4 per day Ww Grammes, 
3 3 “aa har pad o 9.9 13.6 1.4 0.125 
7 3 4.27 169 32.0 " le - 0.115 
26.1.7 +190 33.0 aie alin 1.2 Ma 
8 5.1.27 171 29.0 in ‘ ce 
26,1.27 192 31.0 o. 11.4 1.2 ; 
. = per = 11.2 15.0 1.3 0.13 
26.1.2 260 36.0 
+4 oS 2 12.26 128 26.0 g R 19.9 1.4 0.12 
6.1.27 362 26.5 . 
45 2 23.12.26 329 »g .() ~— 0.12 
12.1.27 49 30.0 — ne ae . 


Average 








louse Chart Age in 

No. No. Date. Days. 
Diet 13. 

17 7 23.12.26 329 
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26.1.27 


E 


363 


Adult Female 
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> 


TABLE 3. 


Weight in 


Grammes, 


29.5 


29.5 


Diet 13 + 1 gramme Dried Yeast on six days. 
» 





3.3.26 


Average 


Weight * 


- 9.35 


Mice. 


Calories 
Assimilate 
per day. 


Average 
Weight 5 


6. 


23.13.53 ) e 
pa 9.7 
2.2.24 48] 31.0 
18 7 23.12.26 328 29.0) . 
6.1.27 362 1.5 orn 
TABLE +. 
Growing Male Mice, Diet 12. 

Mouse Chart Avge in Weight in 

No. No. Date. Days. Grammes. 
30 10 12.8.25 30 13.0 
28.9.25 77 18.0 
18.11.25 128 18.5 
16.12.25 156 5.0 
16.12.25 156 25.0 
10.2.26 212 25.0 
10.2.26 212 25.0 
3.3.26 233 29.0 
31 10 12.8,.25 40 12.0 
28.9.25 87 13.5 
18.11.25 138 17.0 
16.12.25 166 22.0 
16.12.25 166 22.0 
6.1.26 187 25.5 
6.1.26 187 25.5 
3.2.26 215 30.5 
32 11 12.8.25 39 13.0 
28.9.25 86 13.5 
18.11.25 137 15.5 
16.12.25 165 20.0 
16.12.25 165 20.0 
20.1.26 200 25.0 
20.1.26 200 25.0 
24.2.26 235 29.0 
33 1] 12.8.25 37 11.0 
28.9.25 84 15.5 
18.11.25 135 16.0 
23.12.25 170 21.0 
23.12.25 170 21.0 
20.1.26 198 24.5 
20.1.26 198 24.5 


DIETS 


14.; 


» 





Dried weight of 
Yeast ingested 
per day. 
Grammes, 


Cals. 


W 


1.5 
1.3 
1.45 


Calories 
Assimilated 
per day. 


9.9 
12.7 
11.7 


8.7 
9.6 


Cals 


1.6 
1.6 
1.4 
1.5 
1.54 
1.4 
1.6 
1.65 


1.4 
1.4 
1.4 
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Chart 1. 
The individual growth-curves of male white mice which were fed upon diet 13 through 
out their lives, as compared with the growth-curve vielded by the average weights of thirty 
six corresponding control animals, 
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Chart 2. 


The individual growth-curves of male white mice which were fed upon diet 13 through- 

out their lives. These were the offspring of parent animals which were fed upon diet 13 

from an early age. 

Mouse No. 39 and Mouse No. 40. 

Male parent No. 28, received a synthetic diet from the age of ten weeks and diet 13 from 
the age of fifteen weeks. Age at birth of litter was twenty-four weeks. 

Female parent No. 23 was fed on diet 13 from the age of ten weeks. At the age of twenty 
weeks she gave birth to a litter of four mice, which were all reared. 

Mouse No. 44 and Mouse No. 46. 

Female parent No. 5 received diet 13 from the age of five weeks. A litter of four was born 
at the age of twenty-seven weeks, three of which were reared. During one week of 
lactation diet 13 was supplemented by the addition to it of 0.1 gramme of dried yeast 
daily. 

Male parent, either Nos. 1 or 3, Chart 3, or No. 2, Chart 5; same age as female parent; fed 
upon diet 13 from the age of five weeks. 

Mouse No. 45. 

Male parent No. 28. See Mouse No. 39. 

Female parent No. 26 received a synthetic diet from the age of ten weeks, and diet 13 from 
the age of fifteen weeks. A litter of four mice, three of which were reared, was born 
to it at the age of forty weeks. During one week of lactation the diet was supple- 

mented by the addition to it of 0.1 gramme of dried yeast daily. 
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Chart 4. 


Growth-curves of male mice fed upon diet 13 till the age of 46-47 weeks. No increase 
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Chart 5. 
Growth-curves of male mice fed upon diet 13. 
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Growth-curves of female mice fed upon diet 13 till the age of 44-48 weeks. Increase in 
weight when fed upon a natural diet. 









































Chart 7. 


Growth-curves of female mice fed upon diet 13. These were the offspring of parent 
animals which were fed upon diet 13 from an early age. 
Mouse No. 47: Same parents as No. 45, Chart 2. 
Mouse No. 48: Sume parents as Nos. 44 and 46, Chart 2. 
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Chart 8A. 


Chart 8B. 


Growth-curves of male animals fed upon a diet containing 5% marmite. 


Growth-curves of male animals fed upon a diet containing 5% or 6% of marmite. 


Growth-curves of female animals fed upon a diet containing 
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Chart 8C. 



































Chart 9A. 
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5% or 6% of murmite, 


a 


Growth-curves of male animals fed upon a diet containing 2% of Harris vitamin in the 
tood and Harris vitamin in the drinking-water. 


Chart 9B. 


Growth-curves of female animals fed upon a diet containing Harris vitamin as the sole 


source of vitamin B. 
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Charts 10 and 11. 
Growth-curves of male animals fed upon a diet in which yeast, the source of B vitamin, 
was fed separately from the rest of the food. 
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POST-MORTEM FINDINGS AND CAUSES OF DEATH. 
Chart 1. 


Mouse 8. Constriction of the urethra and consequent distention of the bladder, Probably 
died of uraemic poisoning. 

Mouse 10. Lymphoid growths in the mesentery and above the heart; heart very dilated. 

Mouse 11. Enlarged prostate involving constriction of the urethra; death probably due to 
uraemic poisoning. 

Mouse 12. Same condition as in 8. 

Chart 2. 

Mouse 39, Dilatation of the heart. Sclerotie patches in the left auricle. 

Mouse 40. Same condition as in 8. 

Mouse 44. Enlarged heart; post-mortem findings and histological examination indicated 
leukaemia. 

Mouse 45. Large growth above the heart found to be a persistent thymus profusely invaded 
by lymphoid cells. This condition is typical of the prevalent lymphoid hyperplasia 
found in the mice fed upon a natural diet (2). 

Mouse 46. Unhealthy condition of the skin for four weeks before death. Death was 
apparently due to painting the skin with a solution of resorcinol, 


Chart 3. 


Mouse 1. Killed because it had been suffering from an unhealthy condition of the skin for 
four weeks previously. 
Mouse 3. Unhealthy condition of the skin for ten weeks before death, which was appar- 
ently due to painting the skin with a solution of resorcinol. 
Mouse 7. Typical lymphoid growth in mesentery; lymphoid invasion of the liver, spleen, 
and capsule of kidney. 
Mouse 43. Post-mortem histological examination of the kidneys indicated a long-established 
chronie nephritis. 
Chart 5. 
Mouse 2. Nutritive failure. 
Mouse 6. Nutritive failure. 
Mouse 51. Nutritive failure. 
Mouse 9. Histological examination of thymus, liver, and spleen indicated a condition of 
chronie leukaemia. 
Chart 6. 


Mouse 55. No cause of death found; no sign of active malignancy; spleen small and fibrous, 


Chart 7. 


Mouse 47. Persistent thymus, small growths along the mediastinum, growth in the mesen- 
tery, enlarged spleen and liver, with possibly a growth in the latter (not examined 
microscopically). 

Mouse 48. Small growth in the abdominal cavity below the stomach; found to be a typical 
lymphoid proliferation hetween the panereas and the pylorus. Lymphoid infiltration 
between the muscle fibres of the heart. This is typical of the lymphoid condition found 
in mice fed on a natural diet (2). 

Chart. 10. 


Mouse 30. Liver exuding pus; rupture of the stomach, 
Mouse 31. Adenoma of the stomach. 
Chart 11. 
Mouse 32. Block in the pyloric end of the stomach, causing enormous dilation, 
Mouse 33. Spleen showed sarcoma of mixed cell type; no metastases. 




















LOW BLOOD PRESSURE AND SECRETORY 
ACTIVITY 


by 
WILLIAM ALEXANDER OSBORNE 
(From the Physiological Laboratory, University of Melbourne). 
(‘Submitted for publication 8th May, 1928.) 


In the experimental investigation of secretion there are various sources of 
error which may easily pass unnoticed. Thus a drug may hastily be regarded 
as producing secretory activity merely because a true secretion is expelled into 
a cannula tied into the duct of the gland in question. That this may be due to 
expulsion of existing secreted fluid by contraction of smooth muscle in the 
gland’s ducts is exemplified in the action of pituitary extract on the lactating 
mammary gland. Despite the efforts of the late A. C. H. Rothera to prove that 
pituitary extract is a true gland excitant, it is now generally held that contrac- 
tion of smooth muscle is responsible. Again, a true secretion may be a secondary 
phenomenon. As shown by E. H. Starling, the excitation of the pancreas 
obtained by Pavlov on vagus stimulation could be accounted for by expulsion 
of acid gastric contents into the duodenum, where the hormone secretion was 
formed. The same explanation has been given of pancreatic secretion being 
provoked by histamine injection (1). 

Another explanation that was put forward by Starling to explain certain 
diserepant observations was that low systemic blood pressure excited glandular 
secretion.!. Certain observers had found that the pancreas was responsive to 
peptone injection, giving a good flow of juice. This Starling attributed to the 
low blood pressure produced by the peptone. This possibility is the subject of 
the present research. 

METHODS. 

Dogs were given hypodermic injections of 4 grains morphine, and were then 
anaesthetized with chloroform. The ducts of one submaxillary gland and of 
the pancreas were cannulized, and were attached each to a long horizontal tube, 
so that a linear measure of the secretion could be obtained. Drugs were admitted 
to the cireulation by injection into an external jugular vein. Carotid pressure 
was registered in the usual manner. > 


RESULTS. 


At first the action of histamine was tested on the two glands. Certainly a 
vigorous flow followed injection of %»o grain histamine (ergamine) phosphate. 











1 The late E. H. Starling often gave this explanation in conversation. I am convinced 
that he put it in writing somewhere, but my search so far has failed to obtain the reference. 

















172 WILLIAM ALEXANDER OSBORNE 


That this was not due to smooth muscle excitation was shown by the repeat: 
and practically undiminished effects of successive doses. The suggestion « 
Lim and Schlapp (1) was then adopted, and the pylorus ligatured. The resul's 
fully confirmed these investigators, for no pancreatic secretion was obtained 
The excitation of the pancreas is plainly due to expulsion of stomach contents 
It is to be noted in this latter experiment that a very low blood pressure, du 
to the histamine, failed to excite the pancreas directly. 

In the case of the salivary gland | was able to confirm the conclusions o 
Margaret MacKay (2), except that I did not experiment with pilocarpine. I did 
not obtain complete abolition of histamine excitation by atropine, but certain) 
a great reduction. I agree with this observer that there are probably two effects, 
one mechanical expulsion and the other an excitation of the glandular substance 

I next tried the action of low blood pressure produced by other means. An 
injection of 5 ce. of a 2% Witte peptone gives, I find, a fair flow of pancreatic 
juice but a poor response or nothing in the submaxillary. This action is most 
probably due to contamination with histamine, for the pancreatic response was 
abolished by ligaturing the pylorus. 

I next produced low blood pressure by repeated small doses of trinitrin, but 
failed to get any response in either pancreas or submaxillary. Lowering the 
blood pressure by several minutes’ heart stoppage through faradie stimulation 
of the distal ends of the cut vagi was next tried, but was also without effeet. In 
the human being, it may be noted en passant, sweating usually accompanies 
syneope. I then obtained as low a blood pressure as was consistent with life by 
arterial haemorrhage, but again failed to get any secretion. Lowering the 
viscosity of the blood by injection of an amount of warm physiological saline 
equal to the volume of blood extracted was also without effect. I conclude that 
iow blood pressure does not produce secretory activity, at least in the animal 
experimented on, the dog. 

CONCLUSIONS. 

1. Low systemic arterial blood pressure produced by trinitrin, by vagal 
heart stoppage, or by haemorrhage fails to excite the dog’s pancreas and sub- 
maxillary to secretion. 

2. The secretion obtained by peptone and histamine can be otherwise 
explained. The conclusions of Lim and Sehlapp and of Margaret MacKay are 
supported. 
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HAEMOTOXIN OF THE VENOM OF SYNANCEJA 
HORRIDA 


by 


J. V. DUHIG AND GWEN JONES 


(From the Brisbane and District Laboratory of Pathology, Bacteriology, and 


. 


Biochemistry, Hospital for Sick Children, Brisbane, Queensland). 
(Submitted for publication 13th March, 1928.) 


In another paper (4) we have described the structure and function of the 
skin glands of Synanceja horrida (the common stone fish of tropical waters, 
fairly abundant in Moreton Bay), with special reference to the poison glands 
of the dorsal spines of this fish. The findings recorded in that paper were 
purely qualitative, for the reason that as the fish is rather difficult to secure, 
our material was very scanty. We ean, however, repeat the statement made in 
that paper that potent toxin can be obtained from fish dead for a period up to 
8 hours. This is a considerable advantage in work of this kind, since we believe 
that it would be a matter of the greatest possible difficulty to secure an uncon- 
taminated secretion from the glands of the dorsal spines while the fish is still 
living and active. 

Our first paper, therefore, on the venom of this species was purely qualita- 
tive, since specimens are not readily fortheoming, and a strictly quantitative 
research on the material at our disposal was then impossible. We then deseribed 
a technique which we thought to be satisfactory. It was as follows: The seeretion 
of the dorsal spine glands of the fish was shaken with distilled water, dried, 
resuspended in saline solution, weighed, and subjected to physiological assay. 

This procedure turned out to be unsatisfactory, since our samples could 
not possibly be protected against bacterial contamination and possible consequent 
deterioration of potency. 

Our present technique is as follows: n 

The poison saes are rapidly dissected out from reeently dead fish, and 
placed in a perfectly sterile dry tube previously weighed. Saline solution of 
such quantity as to be well within the ‘‘haemolytie limit’’ is added, and the 
whole complex weighed Since the weight of the tube and suspending fluid is 
known, the weight of venom can easily be calculated at the end of the experi- 
mental work. 
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From every point of view we consider this method superior to that of 
preliminary drying, as used by other workers in this field. 

One particular advantage to be gained is that the venom suffers in the least 
possible degree any deterioration which might be involved in preservation, 
although we have shown in our previous paper that Synanceja venom does not 
appreciably deteriorate in potency on keeping, provided it is kept sterile. 

The results of our work, previously recorded (4, 5), are sufficiently striking 
to be repeated. 

We showed that: 

(1) Synanceja horrida venom is similar in its physiological effects to 
cobra venom and curare. 

(2) Suspension of crude venom of the dorsal spines is haemolytic. 

(3) The supernatant fluid from a venom suspension is haemolytic. 

(4) Blood serum inhibits haemolysis by Synanceja venom. 

We have further investigated the haemotoxin, and now offer quantitative 
confirmation of our previous findings. 

The contents of the saes of the dorsal fin spines of a specimen of Synance ja 
horrida were shaken up in 5 ce. saline (0-85% NaCl), and mixed with thrice- 
washed red blood cells of various species in the proportions given in the tables 
below. 

(The action of the secretion of the ‘‘Broad tubereles’’ is given in the 
appendix. ) 

The weight of the tube and of the saline solution being known, it is easy 
to caleulate the amount of venom employed. In these particular experiments 


1, ee. venom solution = 1-4 mg. of crude gland secretion. 
TABLE 1. 
Cells 3%. C.C. Venom Solution. Haemolysis. 
Guinea Pig 0.2 0.2C.C. a or ee 
Human 0.2 0.2 C.C. + + 
Sheep pe 0.2 0.2C.C. + + 
+ 4=- + + =Complete Haemolysis, =50% Haemolysis. 


Controls (Cells+0.85% Salt Solution showed no Haemolysis). 
One hour at 37° C. 

Haemolysis started almost immediately, and in the ease of guinea-pig cells 
was complete in 20 minutes. It will be noted that as usual sheep cells are much 
more resistant than guinea-pig cells. 

This result seems to be direetly contrary to the propositions of Flexner 
and Noguchi (7), that erythrocytes, regardless of species, are never dissolved 
by venom alone, but that they do undergo lysis in the presence of complement. 
Our previous experience showed, on the contrary, but only qualitatively at 
that time, that fresh unheated serum inhibits haemolysis by Synanceja venom. 
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We can now confirm our previous findings. As shown in Table 2 (A), 
following the usual practice, we used guinea-pig serum as our ‘‘complementing’”’ 


serum. 
TABLE 2 (A). 
Guinea Pig Serum, Venom Solution. 

Cells 3%. C.C. Unheated (C.C.) C.C. Haemolysis. 
a ae re 0.2 0.04 0.2 + + 
a re 0.2 0.04 0.2 Nil 
WN cic) NG ee te 0.2 0.04 0.2 + + 


Not only did complement not enhance haemolysis, but in the case of its 
own species the serum exerted a marked protective effect. 
To test the matter further, we put up a series of tubes, as follows: 


TABLE 2 (B). 


Cells 3%. CC, Serum. C.C.  VenominC.C, Haemolysis. 
a eres 0.2 Sheep 0.04 0.2 Trace 
Sheep .. .. .. 0.2 Pe 0.04 0.2 Nil 
ROM. 0 5 ae 2 0.2 Human 0.04 0.2 Nil 
We aa ke See 0.2 a 0.04 0.2 Nil 


The action of human and sheep sera, like that of the guinea-pig, seems to 
be species specific in its protective action, and in addition human serum protects 
sheep cells to a certain extent against lysis. 

These facts require explanation. So far we have no experimental evidence 
to offer on the specific aspect, but in an attempt to resolve the general question 
of serum protective action we offer the following: 

We first of all evaluated the minimum haemolytic dose of the venom against 
0-2 ee. of guinea-pig cells. 


TABLE 3. 


Cells 3%. Venom Solution. Saline Solution. Haemolysis. 
0.2C.C. 0.1. Cd. Up to0.4C.C. -  * 
0.2 C.C, 0.04 C.C, - 

0.2 C.C. 0.02 C.C. + Nil 
0.2 C.C. 0.01 C.C, ~ Nil 
0.20.0, 0.004 C.C, Nil 


This end-point was particularly sharp. The M.H.D. lay between 0-44 ec. 
and 0-02 ee. Table 4 shows the final titration. 


TABLE 4. 
Cells 3%. Venom Solution. Saline Solution. Haemolysis. 
0.2 C.C. 0.035 C.C. Up to 0.4 cs. + + + 
0.2 C.C. 0.033 C.C. a + + + 
0.2 C.C. 0.030 C.C, . + + 
0.2 C.C. 0.028 C.C. * Nil 


0.2 C.C. 0.025 C.C, = Nil 

















176 J. V. DUHIG AND GWEN JONES 


The M.H.D. was about 0-03 ce. to haemolyse 0-2 ce. of 3% guinea-pig ce! 
in one hour at 37°C. (0-03 ee. venom solution = 0-047 mg. poison gla 
secretion ). 

We then attempted to evaluate the minimum protective dose of guinea-)p 


serum for 0-2 ce. of 347 cells of the same species. 


TABLE 5. 


Cells 36. Serum, Venom Solution. Saline Solution. Haemolysis. 
0.2Cx 0.02 C.C. 0.03 C.C, Up to0.4 Cc, Nil 
6.2CA 0.01 ces. 0.03 C.C, = a 
0.2 C.C, 0.004 C.C, 0.03 CLC, = 
OCC. 0.002 CC, 0.03 C.C, ” 
0.2¢4 0 001 CLC, 0.03 C.C, a 
0.2 Ce 0.0004 C.C, 0.03 CLC, ” 
62Cce. 0.0002 C.C, 0.03 C.C. ¥ Trace 
Control 0.2 C.C, Nil 0.03 C.C, ” + + 


It is thus evident that serum of the same species, even in very dilute solu 
tion, exerts a protective action against cytolysis. Calmette (3) showed that 
serum contained a natural anti-haemolysin, which he stated was destroyed by 
heating to 62°C. (time not stated). Briot (2) also observed the same _ protec 
tive action of serum against weever venom. He heated his serum to 60°C., for 
what time we do not know. We heated our serum (of the same species as tli 
cells, in this case those of the guinea-pig) first at 55°C. for 20 minutes, and put 
up experimental tubes in parallel series with those of Table 5. The results were 
exactly similar to those shown in that table. No haemolysis occurred. We then 
heated our serum to 60°C. for one half-hour, and produced slight haemolysis 
‘when cells, venom, and heated sernm were mixed. 

In the case of Synanceja venom the protective substance in serum is not 
fully destroyed by heating to 60°C. for half an hour, but it is at least thermo 
labile. 

It has been stated by Evans (6), working with weever venom, and Kyes (8 
working with cobra venom, that heated serum (as opposed to unheated serum 
‘*activates’’ haemolysis in a manner similar to that of lecithin. Heated serwn 
contains no complement, but does contain lecithin tn a state which enables it to 
form with venom a haemolyzing lecithid (see Kyes, Evans, loc. cit. 

We feel, as a result of our experiments, that the réle of complement in the 
production of haemolysis by venoms has been over-rated, perhaps because thie 
mechanism of the process was not thoroughly understood. Kyes and Bailey (9 
hold that the fundamental thesis of Flexner and Noguchi (7) is thorough), 
established, since ‘‘in certain conditions, where venom is not competent to cause 
cytolysis, its action is favourably influenced by serum complements.’’? They 
state that sheep erythrocytes, for example, are not dissolved by venom alone, 
but do undergo lysis on the addition of complement. 


We have shown that sheep cells are dissolved by Synanceja venom both with 
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and without guinea-pig serum, but are not dissolved in the presence of sheep 


the protective power of standard normal human serum. 


TABLE 6. 


influencing the reaction. 


our own work show that alexin plays no essential part. 





or human serum. Whatever the explanation of species pretection may be, we 
are not yet in a position to supply it, but on the general question of serum 
protection we have some experimental evidence of a negative sort to offer. 

In the case of the particular venom which forms the subject of this paper, 
ve had to put aside all idea of any effect resulting from complement fixation. 
It is well known that bacterial toxins in saline solution can produce haemolysis 
of highly resistant cells. Not only is this so, but we have found that normal 
unheated serum can exert a protective action against lysis by bacterial extracts 
in a manner exactly analogous to the mode of action of serum in the case of 
Synanceja venom. So true is this that we are now investigating the value of a 


method of correlating the lytie power of staphylolysin of various strains with 


The following table is offered as an attempt to explain serum protective 
action. The evidence is purely negative, and necessarily incomplete, as at this 
We had, 


incidentally, only material from one small fish with a rather erratie distribution 


stage of our work we were coming to the end of our material resourees. 


of poison saes, which likewise themselves varied considerably in size and content 
in a way similar to that noted of other specimens in our first paper (4). 
To elucidate the protective action of serum, we put up the following test : 


30 Guinea Pig Guinea Pig Venom Solution 
Cells in C.C, Serum, C.C, in C.C, Saline Solution. Haemolysis. 
Tube | 0.2 0.01 0.2 Nil 
Tube II 0.2 Nil 0.2 Nil + 
Tube ITI 0.2 0.01 Nil 0.2 CC, 
Tube TV 0.2 Nil Nil 0.2 C.¢C, 


This resumes our previous tables, but at the end of two hours’ incubation 
at 37°C., when no haemolysis had occurred in tube 1, we added to it 0-04 ee. 
of lecithin solution, made by extracting egg yolk and suspending in methyl 
aleohol. Slight haemolysis occurred after a further hour at 37°C. 

Evidently, then, lecithin can to some extent reactivate venom, the eytolytie 
action of which has been inhibited by fresh serum, and evidently also comple- 
ment fixation plays no réle in the lysis of sheep’s red cells by Syvnanceja venom, 
and the lecithin content of sheep or human sera likewise can be exeluded as 


Belfanti (1), in a review of the literature of snake venoms, states that they 
are all haemolytic if cells, lecithin, and venom are all present. If the seeond is 
absent or deficient no haemolysis occurs. Apparently sheep cells do not contain 
lecithin sufficient to activate haemolysis by cobra venom. But they do contain 
sufficient to activate evtolysis by Synanceja venom, if, as we suppose, lecithin is 


the essential activating substance. In any case, the recent work of Kyes and 
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It remains to be explained why cells which undergo lysis by venom alon.. 
but which are protected by serum, do undergo lysis on the addition of lecithi: 
It is reasonable to suppose that if any combination between serum and venoi, 
occurs it must be a very loose one, since, given favourable conditions, the venor: 
is active, so we are forced to conclude that there occurs some inactivation « 
the cell lecithin by the serum, which effect is neutralized by the addition 6: 
lecithin in excess. It will be noted that the amount of lecithin added to our 
complex was comparatively very large, while lysis occurred to the extent o| 
something less than 25%. 

CONCLUSIONS. 

1. The venom of Synanceja horrida is competent by itself to produce lysis 
of guinea-pig, sheep, and human red cells, without the assistance of lecithin or 
alexin. 

2 (a). Fresh unheated serum, when added to cells of the same species, 
inhibits haemolysis of guinea-pig, sheep, and human red cells by this venom. 

(b). In the ease of guinea-pig serum, a very high dilution is sufficient to 
protect against a minimum haemolytic dose. 

(c). Human serum, besides protecting against lysis of cells of its own 
species, also protects sheep cells. 

3. Guinea-pig serum, heated to 55°C. for 20 minutes, inhibits haemolysis, 
but the same serum heated to 60°C. for half an hour does not completely inhibit 
haemolysis. 

4. Lecithin can reactivate venom, the cytolytic power of which has been 
inhibited by fresh serum. 

We must here record our thanks to the Moreton Bay Oyster Company for 
going to some trouble to send us the fish which provided the material for this 
paper. 

APPENDIX. 


SKIN GLANDs. 


In our first paper we suggested that the secretion of the broad tubercles of 
Synanceja horrida might be similar in its action to that of the dorsal spine 
glands. Though in appearance similar both macro- and microscopically, the 
seeretion of these organs is physiologically quite dissimilar. 

The secretion of the skin glands [of which we have described the histological 
structure (4)] was collected from a dead specimen by means of a tuberculin 
syringe. On drying, the secretion became crystalline, and was readily soluble 
in saline solution, at least, whatever turbidity resulted from addition of the 
solvent was stable for many days. 

Equal parts of this suspension and of 3% guinea-pig cells (thrice-washed ) 
were incubated at 37°C. Almost immediately gross clumping of the cells 
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occurred. The suspension was distinetly acid to litmus, but when this skin 
secretion was heated at 75°C. for 10 minutes no agglutination occurred. ‘The 
phenomenon of agglutination cannot therefore be assigned to the acidity of the 
secretion. We incline to the belief that ‘‘the broad tubercles’’ of Synanceja 
horrida do not exert any defensive function in the same way as do the dorsal 
spines and their glands. 
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GRAFTS OF LONGITUDINAL HALVES OF LIMB- 
BUDS OF THE FOUR DAY CHICK 


by 
DORIS SELBY AND P. D. F. MURRAY 
(From the Department of Zoology, University of Sydney). 
(Submitted for publication 16th April, 1928.) 


In a previous paper by ene of us (Murray, ’26) experiments were described 
which showed that the limb-bud of the chick embryo at four days is a self- 
differentiating mosaic. It was found that entire limb-buds, when grafted on to 
the chorio-allantois of an eight-day chick, and allowed to live as grafts for eight 
or nine days, continued growth and differentiation, forming entire limbs whose 
morphology was surprisingly similar to that of the normal. When grafts were 
made of fragments of limb-buds (four days), obtained by eutting the bud 
transversely into two or more pieces, the grafts again continued their develop- 
ment, and always formed parts of a limb corresponding to the region of the 
entire bud represented by the fragment. Thus the basal half of a bud formed 
the basal half of a limb, and the apical half of a bud formed the apical half of 
a limb. 

In the previous paper (loc. cit.) only two grafts were described which 
originated from longitudinal halves of a bud. These (Nos. 34 and 35) developed 
from the two longitudinal halves of one posterior bud. They indicated very 
strongly (see below) that, just as numerous transverse fragments showed the 
various parts of the bud to be rigorously determined in the apico-basal and 
dorso-ventral directions for the differentiation of the various parts of the limb, 
so also was the bud determined with equal precision in the antero-posterior 
direction. It was felt. however, that more evidence was required on this point 
than it was possible at the time to present, and accordingly a number of grafts 
of longitudinal halves of buds were made in 1927. Some of these are deseribed 
in the present paper. 


TECHNIQUE. 
Grafts were made upon the chorio-allantois of eight-day chicks, following 
the technique described in detail in the previous paper, and in the works of other 
authors who have used the same method. Each graft was prepared by cutting 
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a limb-bud of a four-day chick into two longitudinal fragments, anterior an 
posterior, of approximately equal size, and then each fragment was graft: 
separately on to the chorio-allantois of the older chick. The grafts were allowe | 
to remain on the chorio-allantois for between seven and nine days. 


THE GRAFTS. 
No. 1. Figure 1, a and b. 
Origin. Posterior fragment of left posterior bud of a four-day donor, 
Graft. The graft consists of elements representing a femur, tibia, and fibula. 


tarsals, two metatarsals, and two toes. The femur is incomplete proximally and 
probably longitudinally, its general appearance suggesting strongly that it has 





Fig. 1. a, Graft No. 1, approx. x 13. b, Left posterior bud of donor from which graft 
No. 1 originated, approx. x 13. ° 


developed from a longitudinal fragment of the femoral anlage. Lying close 
against the proximal end of the femur, on one side, is a small nodule of cartilage 
of unknown homology. At the distal end the femur bears a pair of condyles 
approximating to the normal shape. This is only explicable in a longitudinal 
fragment if the cut was made a little to one side of the condyle anlage, or if 
there has been regulation of a fragment of the anlage. The former is the more 
probable, as all the evidence combines to stress the small powers of regulation 
possessed by the chick limb-bud. There is a sheath of bone over the diaphyseal 
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part of the femur. The tibia and fibula are both present, but short, and both 
end in somewhat pointed distal extremities. The tibia and fibula are followed 
by a tarsal complex, which apparently consists of two somewhat irregular 
elements. As there is doubt about their exact outlines they have been repre- 
sented in the figures in dotted lines. Distal to them again are two metatarsals, 
fused distally, and these are followed by two toes, one of which clearly consists 
of four phalanges, while the other has apparently three. Actually there appear 
to be four phalanges, the second and third being fused. The terminal phalanx 
of this digit was partly broken off in dissection, and has been drawn in its 
artificially altered position. 


No. 2. Figure 2, a and b. 


Origin. Posterior fragment of left posterior bud of four-day chick. 

Graft. The graft consists of an abnormal femur, lacking joint structures 
at the proximal end, and having a general form, which, like the femur of No. 1, 
suggests an origin from a longitudinal fragment of the femoral anlage. Distally 
it is followed by a stout and bent element, which must be either tibia or fibula, 
and this again is followed by three toes. Of these one has two phalanges, and 





Fig. 2. a, Graft No. 2, approx. x 13. b, Right posterior bud of donor from which graft 
No. 2 originated, approx. x 13. 


springs from a short, free metatarsus, so being very like a first digit, while the 
other two have each three phalanges, and spring from a single element, which is 
evidently the two fused metatarsals. Had this graft developed from an anterior 
fragment of a bud it would be evident that the three digits were the first, second, 
and third, whilst the stout cartilage proximal to them would be the tibia. 
Actually, however the graft is supposed to have developed from the posterior 
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fragment of the bud. in which ease all three metatarsals should be fused 
and the stout element becomes the fibula. Now, it is easy during the operatio) 
of grafting to confuse the two halves into whieh a single bud is eut, and 
I strongly suspeet that such a mistake must have been made here, so that aetuall, 
this graft was the anterior half, and not the posterior. It is, of course, impo: 
sible to settle this question, and it is also unimportant. since the issue in no wa) 
affects the main conclusions to be derived from the work. 


No. 3. 

Origin. The anterior half of the posterior bud of a four-day chick. Thi 
vraft originates from the same bud as No. 4. 

Graft. The graft consists of a short, stout femur, with well-developed head 
and trochanter, and with condyles forming a fairly close approximation to thy 
normal. The proximal end of the femur is attached to a large pelvic element, 
in form suggesting an ilium with a pubis. The remainder of the limb is absent. 


No. 4. 

Origin. The posterior fragment of the same bud as No. 3. 

Graft. At the proximal end of the graft there is a small shaft of cartilage, 
probably representing a pelvic fragment, perhaps the ischium. There is a long, 
slender, and considerably bent cartilage, which is evidently the shaft of a femur. 
A small process at the proximal end of this suggests a feeble attempt to form a 
head, but there is no trochanter and no condyles. This entire element, like the 
corresponding structures in Nos. 1 and 2, strongly suggests that it is a femoral! 
splinter, derived from a longitudinal fragment of the femoral anlage. It is 
followed distally by a short tibia and fibula, and then by two metatarsals. The 
latter again are followed by two apparently unsegmented digits. 

The duplication of the femoral shaft in Nos. 3 and 4 is interesting, and 
reminds one of the similar case found in the previous paper (loc. cif., Nos. 54 
and 35), where also the two longitudinal halves of one limb-bud formed each a 
femoral shaft. It is of especial interest that in neither instance was there any 
duplication of joint struetures, with the exception of the small process from the 
proximal end of the femur in No. 4 of this paper, which somewhat resembles an 
attempt to form a head. 

It is also curious that the tibia and fibula are found both in the same graft 
(No. 4), and that this is the graft having the less complete of the two femora. 
The explanation evidently is that the eut made in dividing the original bud was 
oblique rather than longitudinal, and that it was also irregular. 

No. 5. 

Origin. The posterior half of an anterior bud of a four-day chick. 

Graft. The graft is an almost complete wing. whieh is vet sufficiently 
incomplete to show its fragmentary origin quite clearly. A fragment of the 


pectoral girdle is present, as a long and somewhat twisted shaft of cartilage. 
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‘he head of the humerus is not well developed, but the shaft is almost normal, 
and at the distal end a distinct joint is formed with the ulna. The latter is a 
short, rather stout element. The radius is absent. From the distal end of the 
ulna proceed three metacarpals, of which the central is the largest. This bears 
two digits, each with two phalanges, evidently representing digit 2 reduplicated. 
Such reduplication of skeletal parts is distinctly rare. Their occasional occur- 
rence in no way affects the view that the limb-bud is a mosaic, since they 
doubtless indicate that the single anlage has been split into two, and the only 
regulation that has occurred has been the rounding up of the cross section of 
the two half-digits, which, of course, makes them anatomically into two complete 
digits. The remaining two metacarpals are evidently the first and third. These 
are simple shafts of cartilage, from which digits have not been segmented. It 
is interesting to note that in this specimen, from which the radius is absent, 
all three digits are carried by the ulna, which normally carries only the middle 
and post-axial digits. 
DISCUSSION. 

In the previous paper (Murray, 26), the following conclusions were drawn 
(inter alia): (1) The limb-bud at three, four, and five days incubation is a 
mosai¢ structure, since fragments developing as grafts will self-differentiate to 
form those structures which they would form in normal development, and no 
more (with slight reservations). (2) It is probable that some small ability to 
regulate is possessed by the limb-buds at four and five days, but this is very 
slight. The evidence from buds of three-day chicks was inadequate for a decision 
to be reached upon this point. There were described in this paper two grafts 
(Nos. 34 and 35, figures 29a and 29b) which developed from longitudinal halves 
of the same posterior bud of a four-day chick. No. 34 consisted of a femoral 
shaft without head or trochanter, and with a rounded distal end somewhat 
suggestive of one condyle, of a tibia with a small proximal fragment of a fibula, 
and of two toes. In No. 35 there were present the shaft of a femur with a head, 
trochanter, and a rounded distal end, again suggestive of one of a pair of con- 
dyles, a fibula, and two toes, one of which was divided into three in the last 
phalanx. It will be noted that these two grafts, which originated from halves 
of one limb-bud, together add up to make one complete limb, except that the 
shaft of the femur was present twice. Here, therefore, we have evidence of a 
slight regulatory power in the bud, since had there been no regulation the femoral 
shafts would have been semi-cireular in cross section, whereas they were rounded, 

The grafts described in the present paper support the conclusions derived 
from the earlier work, since in each case a fragment of a bud has given rise to 
a fragment of a limb; in no case has a fragment produced a complete limb. In 
one respect the new evidence is somewhat less convincing than the old. Con- 
clusive demonstration of the existence of a nearly rigid mosaic can only be 


claimed when two or more fragments of one organ anlage develop structures 





Vv 


186 5 DORIS SELBY AND P. D. F. MURRAY 


\ 


which together add up to form one complete organ, as when the proximal hal! 
of a limb-bud gives a complete femur and the distal half a complete tibia, fibula 
and foot, and no more. Such cases were described repeatedly in the previous 
paper. In the case of the grafts deseribed in the present paper, eithe: 
only one of the two grafts made from each donor limb-bud developed, 
or if both developed, they together formed structures which added up to 
less than one complete limb. Evidently, therefore, one or both of the grafts 
had failed, when living as a graft, to give expression to its normal potencies 
Since this is the case, we cannot be sure that if each graft had given expression 
to its full potencies, that the latter might not have proved to be greater than its 
‘prospective significance’’ in normal development. But there is absolutely no 
evidence whatever that a fragment of a limb-bud (with the exception of frag- 
ments so large that they are nearly complete buds) can ever give rise to a 
complete limb. The evidence against such a view is cumulative and impressive, 
but not conclusive. In order to make it conclusive one would have to fulfil the 
above stated conditions a number of times (which was done in the previous 
paper, for transverse fragments), instead of only once, and even then the strict 
logician could retort that we have not proved a negative. 

We may therefore conclude that the limb-bud of the four-day chick is a 
mosaic in the transverse direction as well as in the longitudinal. 

It should here be stated that not all the grafts obtained in the course of the 
experiments are described in the present paper. A considerable number have 
been omitted for various reasons, in order to avoid redundancy, because they 
are so abnormal that it is impossible to interpret them, or because, owing to a 
technical error made especially in the earlier part of the work, the direction 
of the cut in preparing 'the graft was transverse or oblique rather than 
longitudinal. 

It is thus definitely established that the limb-bud of the four-days chick is 
a rigorously determined self-differentiating mosaic in both proximo-distal and 
apico-basal directions, with very limited powers of regulation. The evidence 
given in the previous work, especially in regard to the formation of joint 
structures, and to the development of the patella, shows that the same is true 
in the dorso-ventral direction. 


SUMMARY. 


1. Grafts were made of longitudinal half-fragments (approximately halves) 
of the limb-bud of the four-day chick. The grafts were made upon the chorio- 
allantois of eight-day chicks, and lived as grafts for approximately one week. 


2. The evidence supports the results obtained in a previous paper for trans- 
verse fragments, showing that the limb-bud at this stage is a self-differentiating 
mosaic, transversely as well as longitudinally. 
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